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Abstract We address the nonperturbative structure of topological strings and ¢ =
1 matrix models, focusing on understanding the nature of instanton effects along-
side with exploring their relation to the large-order behavior of the 1/N expansion.
We consider the Gaussian, Penner and Chern—Simons matrix models, together
with their holographic duals, the ¢ = 1 minimal string at self-dual radius and topo-
logical string theory on the resolved conifold. We employ Borel analysis to obtain
the exact all-loop multi-instanton corrections to the free energies of the aforemen-
tioned models, and show that the leading poles in the Borel plane control the large-
order behavior of perturbation theory. We understand the nonperturbative effects
in terms of the Schwinger effect and provide a semiclassical picture in terms of
eigenvalue tunneling between critical points of the multi-sheeted matrix model
effective potentials. In particular, we relate instantons to Stokes phenomena via a
hyperasymptotic analysis, providing a smoothing of the nonperturbative ambigu-
ity. Our predictions for the multi-instanton expansions are confirmed within the
trans-series set-up, which in the double-scaling limit describes nonperturbative
corrections to the Toda equation. Finally, we provide a spacetime realization of
our nonperturbative corrections in terms of toric D-brane instantons which, in the
double-scaling limit, precisely match D-instanton contributions to ¢ = 1 minimal
strings.

1 Introduction and Summary

The nonperturbative realm of quantum field and string theories has often been
a source of many new results and surprises. Another recurrent topic of great
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interest over the past decades has been the large N approximation, lately relat-
ing gauge and string theories in a nonperturbative fashion. Of particular inter-
est to us in this work is the case of the perturbative 1/N expansion of hermitian
matrix models, whose nonperturbative corrections are exponentially suppressed as
exp (—N). In the double-scaling limit, these models describe noncritical or mini-
mal (super)string theories, and the nonperturbative structure of the matrix model
is related to that of the corresponding string theory (1): the exp (—N) contribu-
tions are instanton effects in the matrix model (2; 13) and they are interpreted as
D-brane configurations in the string theoretic description (4; |5 6). Of course the
study of matrix models is not confined to the vicinity of their critical points and
one may also study nonperturbative effects away from the double-scaling limit.
The interesting point is that off-critical matrix models may be dual to topologi-
cal string theories. For instance, this happens in the case first suggested by Dijk-
graaf and Vafa (7)), where some off-critical matrix models describe the topologi-
cal string B-model on certain non-compact Calabi—Yau (CY) backgrounds, with
the string genus expansion (in powers of the string coupling, g;) being identi-
fied with the 1/N matrix model expansion; and it is also the case for topolog-
ical strings with a Chern—Simons dual, first studied in (8} [9). This turns out to
be a more general statement, as it was later shown in (10; [11§ [12) that topolog-
ical string theory on mirrors of toric manifolds also enjoys a dual holographic
description in terms of off-critical matrix models. It is thus evident that fully
understanding the nonperturbative structure of matrix models, both at and off crit-
icality, will have many applications in both minimal and topological string theo-
ries.

Recently (13 [14; [15) there has been significative progress in understanding
and in quantitatively computing nonperturbative effects in matrix models away
from criticality. In (13), and building upon double-scaled results (2} (3} [16; [17)),
off-critical saddle-point techniques were developed in order to compute instanton
amplitudes (up to two loops) in terms of spectral curve geometrical data. This
work focused upon one-instanton contributions in one-cut models, and in (15)) an
extension to multi-instanton contributions, again in one-cut models, was obtained,
starting from a two-cut analysis. Extensive checks of the nonperturbative pro-
posals in these papers were also performed, by matching against the large-order
behavior of the 1/N expansion. Another approach to multi-instanton amplitudes
was developed in (14), this time around based on orthogonal polynomial methods,
via the use of trans-series solutions to the string equations (18). Further progress
along these lines recently led to the proposal of (19), where a proper nonpertur-
bative definition of a modular-invariant holomorphic partition function was pre-
sented, which was also shown to be manifestly background independent. Remark-
ably, many of the results uncovered in (13} [14; [15)) appear to extend beyond the
context of matrix models; e.g., in cases where the theory is controlled by a finite-
difference equation, such as the string equation (18)) for matrix models, it is possi-
ble to compute nonperturbative effects and relate them to the large-order behavior
of the theory. This is the case of Hurwitz theory (13), which is controlled by a
Toda-like equation, and also the case of topological strings on the background
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considered in (ZO)EI However, all models considered in the aforementioned arti-
cles lie in the universality class of 2D gravity, with ¢ = 0, and methods that have
been worked out in this case cannot be applied in a straightforward fashion to the
case of topological strings in the universality class of ¢ = 1. In view of this, it is
necessary to develop new techniques in order to approach nonperturbative effects
in models which belong to the universality class of the ¢ = 1 string at the self-dual
radius.

Let us be a bit more specific about the nature of the string perturbative expan-
sion and the type of nonperturbative contributions we shall be looking for. Topo-
logical strings, much like physical string theory, are perturbatively defined in terms
of two couplings, o’ and g, a

+oo
F(gs{ti}) =Y g3 *Fy(t:), (1.1)
g=0

where F' = logZ is the free energy and Z the partition function, and where the
fixed genus free energies F,(#;) are themselves perturbatively expanded in ’. In
some sense, the o expansion is the milder one: it has finite convergence radius,
with this radius given by the critical value of the Kihler parameters where one
reaches a conifold point in moduli space. As it turns out, the problem of finding
a nonperturbative formulation of the A-model free energy, in &', may be reduced
to that of solving the mirror B-model description, where topological string ampli-
tudes become exact in o'. In this way, the A-model solution is found by translating
B-model amplitudes back to the A-model, by means of the mirror map. This topic
has been extensively studied in the literature and we refer the reader to the recent
developments (115/12)) and references therein.

The situation gets more complicated as one tries to go beyond perturbation
theory in g,. In this case, one is immediately faced with the familiar string theo-
retic large-order behavior F, ~ (2¢g)! rendering as an asymptotic expansion
(4). In this case, one expects nonperturbative corrections of order ~ exp (—1/g;),
and an adequate nonperturbative formulation of the theory must encode all these
corrections. As described above, there are certain cases, such as the backgrounds
considered by Dijkgraaf and Vafa (7)), or models with a dual Chern—Simons inter-
pretation, where topological strings have a holographic matrix model description,
with the matrix model large N expansion reproducing the topological string genus
expansion. In these set of backgrounds, one would be tempted to use the finite N
matrix model free energy as the gy nonperturbative definition of topological string
theoryE] In order to establish this result, one must first understand how the finite N
matrix model would encompass all nonperturbative contributions ~ exp (—1/g;).
This situation is clear for minimal strings, realized in the double-scaling limit of
hermitian matrix models: the nonperturbative effects associated with the asymp-
totic nature of the genus expansion are implemented via eigenvalue tunneling

! A local CY threefold given by a bundle over a two-sphere, X, = O(p —2) ® O(—p) — P!,
p € Z, which may be regarded as a quantum group deformation of Hurwitz theory; see (20) for
further details.

2 Recall that in the A-model the {;} are Kihler parameters while in the B-model they are
complex parameters.

3 Other nonperturbative completions, provided by a holographic dual, have been proposed in
(21).
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effects in the dual matrix model, and are interpreted in the continuum formula-
tion in terms of Liouville branes in spacetime (1} |6). For topological strings, a
similar understanding has been achieved in the case of the local curve (10; [13)),
where a matrix model description is available (20)). In this case, the nonperturba-
tive effects associated to the asymptotic behavior, or large-order behavior, have
again been matched to instantons arising from matrix eigenvalue tunneling, and a
spacetime interpretation in terms of domain walls has been provided (13)).

However, there are several cases where this paradigm seems not to apply, at
least not in a straightforward fashion. It is our goal to address such issues in
the present work in the prototypical example of the resolved conifold, but also
encompassing matrix models in the ¢ = 1 universality class. Topological strings on
the resolved conifold are holographically described by the Chern—Simons matrix
model, but there are now no obvious instantons associated to eigenvalue tunneling
as the Chern—Simons potential has no local maxima outside of the cut, where the
eigenvalue instantons could tunnel to. This problem, which was not an issue in any
of the previously mentioned examples, also appears in other matrix models, such
as the Gaussian and Penner models; all of them in the ¢ = 1 universality class. One
may then ask where do nonperturbative corrections arise from, or what exactly
controls the large-order behavior of the 1/N perturbative expansion in these mod-
els. We shall answer these questions in this paper. One way out is to directly
compute the (would-be) instanton action that controls the large-order behavior of
the perturbative expansion, by means of a standard Borel analysis (see, e.g., (22)).
At first this may look like a formidable task, as one may expect the topological
string genus expansion to be rather complicated, not amenable to a Borel trans-
form. Happily, the free energies of all cases we consider enjoy a Gopakumar—Vafa
(GV) integral representation (23;24)) which allows for an exact location of the sin-
gularities in the Borel complex plane controlling the divergence of the asymptotic
perturbative series, i.e., the instanton action (22). This is the topological string
generalization of a celebrated ¢ = 1 string result (25). Interestingly enough, this
integral representation may also be regarded as an one-loop Schwinger integral
(24)), thus providing a spacetime interpretation of these nonperturbative effects;
as already pointed out in (24) they control the pair-production rate of BPS bound
states. As we shall later see, these results, which we further identify as Stokes
phenomena of the finite N partition function, will also allow us to explain the non-
perturbative contributions as one-eigenvalue effects in the matrix model picture.
We find, from a saddle-point analysis, that the ¢ = 1 nonperturbative effects arise
due to the multi-valued structure of the effective potential (as preliminarily sug-
gested in (20)); a different picture from that of matrix models in the universality
class of 2D gravity plus matter, where the one-eigenvalue tunneling occurs from a
metastable minimum to the most stable one.

This paper is organized as follows. We begin in Sect.[2] by reviewing the main
ideas behind our subsequent work. This includes the definition of the Borel trans-
form and the relation between instantons and the large-order behavior of pertur-
bation theory, both related to the existence of a nonperturbative ambiguity in the
calculation of the free energy. In this section, we also discuss the Schwinger effect,
where one actually has a physical prescription to define the inverse Borel trans-
form, which will turn out to be the case for topological strings and ¢ = 1 matrix
models via the GV integral representation of the topological string free energy.
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In Sect.[3] we then move on to presenting the matrix models we shall be focusing
upon. We review some of their properties, such as their spectral curves and their
perturbative genus expansions, and also obtain expressions for their exact, finite
N partition functions and holomorphic effective potentials, both of which play
important roles in sections to come. In this section, we also discuss the double-
scaling limit of these models and show how they relate to FZZT branes. Sectionf4]
presents one of the main topics in this paper, the Borel analysis of the Gaussian,
Penner and Chern—Simons matrix models. We show how to obtain Schwinger-
like integral representations of the free energy, via Borel resummation, and how
the correct identification of the leading poles in the complex Borel plane leads to
the one-instanton action in all our examples. We further show in this section that
while the all-loop multi-instanton amplitudes precisely reconstruct the perturba-
tive series, the one-instanton results control the large-order behavior of perturba-
tion theory. We then move on to another of our main topics in Sect.[5] namely
the issue of Stokes phenomena. We recall how to obtain Stokes phenomena for
integrals with saddles via hyperasymptotic analysis, and perform a detailed cal-
culation for the Gamma function. This extends to the Barnes function and, in
this way, allows us to identify instantons with Stokes phenomena as we repro-
duce the results we have previously found in Sect.[d] out of hyperasymptotic anal-
ysis. In Sect.[6] we provide a semiclassical interpretation of our instantons via
eigenvalue tunneling, where this tunneling is now associated with the existence
of a branched multi-sheeted structure in the relevant holomorphic effective poten-
tials. Indeed, simple monodromy calculations reproduce our results for the multi-
instanton action straight out of this interpretation. We further show in this section
how to interpret our instantons in spacetime, from the point of view of ZZ branes.
In Sect.[7} we discuss the trans-series approach to ¢ = 1 matrix models and how it
further validates our results. Finally, we conclude in Sect.E] with an outlook and
future prospects. We also include two appendices, one dedicated to the study of the
monodromy structure of the polylogarithm, and the other dedicated to the Cauchy
dispersion relation, in the case of more general topological string theories than the
ones we address in this paper.

2 Asymptotic Series, Large Order and Topological Strings

We start by reviewing some useful facts concerning asymptotic series, the relation
of their large-order behavior to nonperturbative effects, as described by instantons
or by the Schwinger effect, and put them in the context of topological string theory
as we wish to study in the present work. For an introduction to these topics with
applications in quantum mechanics and quantum field theory, we refer the reader
to (22) and references therein.

Let us consider the perturbative expansion of some function, F(z), with z the
specific perturbative expansion parameter,

o0
F(z)~ Y F7" 2.1)
n=0

In many interesting examples one may infer that, at large n, the coefficients behave
as F, ~ (Bn)!, thus rendering the series divergent. As an approximation to the
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function F(z), the asymptotic series must necessarily be truncated. As such,
one is faced with an obvious problem: how to deal with the fact that the pertur-
bative expansion has zero convergence radius? In particular, if we do not know
the function F(z), but only its asymptotic series expansion, how do we associate
a value to the divergent sum? The best framework to address issues related to
asymptotic series is Borel analysis. One starts by introducing the Borel transform
of the asymptotic series (2.1)) as

oo
A1) = L g€ 22)

which removes the divergent part of the coefficients F,, and renders B[F](§) with
finite convergence radius. In particular, if F(z) originally had a finite radius of
convergence (i.e., if it was not an asymptotic series), Z[F|(£) would be an entire
function in the Borel complex &-plane. In general, however, Z[F|(&) will have
singularities and it is crucial to locate them in the complex plane. The reason for
this is simple to understand: if Z[F](&) has no singularities for real positive & one
may analytically continue this function on R* and thus define the inverse Borel
transform by means of a Laplace transform asﬂ
—+oo

F(z) = A ds B[F] (zsﬁ> e’. (2.3)

The function F(z) has, by construction, the same asymptotic expansion as F(z)
and may thus provide a solution to our original question; it associates a value to the
divergent sum (2.1). If, however, the function [F](&) has poles or branch cuts on
the real axis, things get a bit more subtle: in order to perform the integral one
needs to choose a contour which avoids such singularities. This choice of contour
naturally introduces an ambiguity (as we shall see next, a nonperturbative ambi-
guity) in the reconstruction of the original function, which renders F (z) non-Borel
summableE] As it turns out, different integration paths produce functions with the
same asymptotic behavior, but differing by exponentially suppressed terms. For
instance, in the presence of a singularity at a distance A from the origin, on the
real axis, one may define the integral on contours %4, either avoiding the
singularity from above, and leading to F (z), or from below, and leading to F. (2).
One finds that these two functions differ by a nonperturbative term (22)

Fi(z) —F_(z) ~ i A7 (2.4)

In certain cases, e.g., when one has a Schwinger representation for the function
(27 128), there is a natural and rigorous way to define the integral (2.3]) on a contour
which avoids the singularities, and which also allows for a physical interpretation
of the nonperturbative contributions.

So far our discussion has been rather general. However, it takes no effort to
figure out the physical relevance of our discussion: divergent series are almost

4 For simplicity, we are assuming z € R in this expression.

5> Strictly speaking, the function is said not to be Borel summable if different integration
contours yield different results. It may still be the case that, in spite of having singularities in the
real axis, all alternative integration contours yield the same result.
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ubiquitous in physics and appear basically each time we approach an interesting
problem in perturbation theory (22). A typical and extensively studied case in
quantum mechanics is the anharmonic oscillator (see, e.g., (22;29; 30)). Herein,
the ground state energy may be computed in perturbation theory—as a power
series in the quartic coupling—and one finds that it is analytic in all the (coupling
constant) complex plane except for a branch cut on the negative real axis, associ-
ated with the instability of the potential which becomes unbounded for negative
values of the coupling. This instability is reflected by the fact that the series is, as
expected, asymptotic. In particular, one can perform a Borel analysis as above and
discover that the Borel transform of the ground state energy has singularities on
the positive real axis, leading to an ambiguity of order ~ ie~'/¢, with g the quartic
coupling constant. In this simple quantum mechanical example the nonperturba-
tive ambiguity has a clear physical interpretation: it signals the presence—at neg-
ative g—of instantons mediating the decay from the unstable to the true vacuum,
via tunneling under the local maximum of the potential.

What these ideas illustrate is that by means of a purely perturbative analysis,
i.e., finding the singularities of the Borel transform of the original perturbative
series, it is possible to learn about nonperturbative effects—at least the intensity
of the nonperturbative ambiguity (but we shall say more on this in the follow-
ing). In some examples, it is possible to independently compute these nonpertur-
bative terms directly, e.g., using WKB methods or computing the path integral
around non-trivial (subdominant) saddle points (22). In these examples one may
then proceed in the opposite way from above and obtain information on the large-
order behavior of the perturbative expansion out of the nonperturbative data. This
is what we shall illustrate next.

2.1 From Instantons to Large-Order and Back

In physical applications, the factor A appearing in is the one-instanton action
(see, e.g., (22)). Let us make this relation between instantons and the large-order
behavior of perturbation theory a bit more precise, as it will play a crucial role in
our later analysis. Consider a quantum system whose free energy is expressed as
a perturbative expansion in g, the coupling constant

FOg) =¥ Vg 2.5)

The series will generically be asymptotic, with zero radius of convergence.
This is naturally associated to a branch cut of F'(g) in the complex g-plane, located
in the negative real axis and associated to instanton effects (just like in the anhar-
monic oscillator example above). The function F(g) is expected to be analytic oth-
erwise. In fact this is saying that our quantum system should actually be thought
of as an asymptotic formal power series in two expansion parameters, g and

exp (fé), see (14)) for a discussion in the matrix model context. The appropriate

6 Here and below the index () labels the ¢-instanton sector, so that (0) labels the perturbative
expansion.
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expansion of the free energy is thus (14

Fa) =Y CFO(e) FO(g) = L o2 ¥ 0 ”e
e =) (g), (g)—gbe © Y fihst (2.6)
(=0 k=0

Here, C is a parameter corresponding to the nonperturbative ambiguity. Also,
A is the one-instanton action, b a characteristic exponent and fk(é) is the k-loop

contribution around the /-instanton configuration. Typically, the coefficients fk(l)
are factorially divergent for any ¢ (22), in which case we may think about the
(€4 1)-instanton sector as the nonperturbative contribution related to the asymp-
totic nature of the loop expansion around the ¢-instanton sector.

A standard procedure then relates the coefficients of the perturbative expan-

sion around the zero-instanton sector, f,fo), with the one-instanton free energy as
follows. The discontinuity of the free energy across the branch cut (associated with
the instability of the theory for negative g) is expressed, at first order, in terms of
the leading instanton expansion (2.6)

Disc F(g) = lim F(g+ie)—F(g—ie)=2iImF(g) =FV(g)+---. (2.7

e—0t

At the same time, we may use the Cauchy formula to write

F(g) 1 /0 de _]{m) dw F(w) (2.8)

T2 ) e w—g 2miw—g

In certain situations, e.g., in the aforementioned anharmonic oscillator example
(29), it is possible to show by scaling arguments that the last integral in the expres-
sion above does not contribute. In such cases, (2.8)) provides a remarkable connec-
tion between perturbative and nonperturbative expansions. Using the perturbative
expansion (2.5) and the leading one-instanton contribution to _the discontinuity
Disc F(g) ~ F (), one may obtain from the Cauchy formula the following
large order (or large k) relation

a9

f<0)_/'+°°sz<1>(z) I (k+b) E"F(k—i—b—n)
0o 2mi k! 2mAkb & T (k+b)

This explicitly shows that the computation of the one-loop one-instanton partition
function determines the leading order of the asymptotic expansion for the pertur-
bative coefficients of the zero-instanton partition function. Higher loop corrections
then yield the successive % corrections. Furthermore, instanton corrections with
action A’ > A, where we have in mind multi-instanton corrections with action ¢A,

¢ > 2, will yield corrections to the asymptotics of the fk(o) coefficients which are
exponentially suppressed in k.

For the cases we shall consider in this work, namely matrix models and string
theory, one finds genus expansions as in li with Fg(o) ~ (2g)!, so that the rela-
tion (2.9) gets slightly re-written as follows (see, e.g., (13)). Begin with the free
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energy in the zero-instanton sector, gf.F 0) (gs)- Setting z = g%, the one-instanton
path integral then yields a series of the form

+D<)
B0, (2.10)
0

] A
FO() = e v
z2 g

Following a procedure analogous to the one above, where one further assumes that
the standard dispersion relation (2.8) still holds, it follows for the zero-instanton
sector perturbative coefficients

Oy _ [T 42 FU@) T Q2g+b) T (28+b=h) 1) )
i (I)_/o 2mi 871! TA28+D Z I (2g+b) F, . (t)A"

2.11)

Again, the computation of the one-loop one-instanton free energy determines the
leading order of the asymptotic expansion for the perturbative coefficients of the
zero-instanton free energy. Higher loop corrections then yield the successive i
corrections. One should further notice that recently, in (13; [14; [15)), the relation
(2-17) has been tested in several models and rather conclusive numerical checks
have confirmed its validity.

2.2 The Schwinger Effect and a Semiclassical Interpretation

As discussed above, a nonperturbative ambiguity—typically associated to instan-
tons, from a physical point of view—can arise when defining the integration con-
tour for the inverse Borel transform. However, this is not always the case: we shall
now review an example where a prescription to define the inverse Borel transform
naturally arises, together with a physical interpretation for the nonperturbative
contributions (28)). This is the Schwinger effect (27).

The one-loop effective Lagrangian describing a charged scalar particle, of
charge e and mass m, in a constant electric field, £ > 0, has an integral repre-
sentation given by Schwinger (27) (see, e.g., (31) for a recent review)

202 oo

e'E + ds 1 1 N m?

gzi/ -y p - - = 7S67Ea 212
l6n? Jo 2 <sms s 6)6 (2.12)

which admits the weak coupling expansion

m Ezn+4 2¢eE 2nt+4
~— Y (1) — . 2.1
z 1672 n;)( ) (2n+4)(2n+3)(2n+2) <m2 ) @.13)

— 2n—1 . -
In here we used the shorthand B,,, = 152%32,,, with By, the Bernoulli numbers.

Since one may further relate the Bernoulli numbers to the Riemann zeta function
via

By = (—1)() 2(5;?;1") (2n)! (2.14)
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it becomes evident that B,, diverges factorially fast. In this case, if one first writes
the expansion (2.13) as

oo
L~ Y agpax® (2.15)
n=0

with x = zri—f, it follows that at large n one has az, 14 ~ (2n+ 1)! rendering this

perturbative expansion asymptotic—and actually non-Borel summable as we shall
see next. Indeed, computing the Borel transform it follows

= 4 ) it ) 22
93[.2](5):”;0%52 e <sin§(é/2) - (5/6) ) (2.16)

from where one immediately notices that the Schwinger integral representation of
the effective Lagrangian (2.12) is essentially the inverse Borel transform

~ oo dy L, eE* teds 1 1 s\
2= [ FALme = | s2<sins_s_6>e
2.17)

Of course so far we still have a nonperturbative ambiguity to deal with: in order
to perform the integration on the real axis one still needs to specify a prescription
in order to avoid the poles at s = nx, n € N. This introduces the usual ambiguities
leading to exponentially suppressed contributions to the effective Lagrangian. The
novelty in this case is that there is now a natural way to address the integration
avoiding the singularities in an unambiguous way (28)).

As it turns out, the contour of integration needs to be deformed in such a way
that the integral picks up the contributions of all the poles as if the real axis is
approached from above, tantamount to a +-i€ prescription; and this is the require-
ment which is dictated by unitarity (28). As such, one has a physical principle
behind the unambiguous choice of contour. Furthermore, the Lagrangian develops
an imaginary part which is simple to compute by summing residues[] and which
cannot be seen to any finite order in perturbation theory,

1 [(eE\? &= (—1)n! m?
Im¥ = — () ) o exp <—n> , (2.18)

St \ « = eE
n—

an expression with an evident multi-instanton flavor (32), as in (2.6). Besides the
appropriate, physical prescription to perform the integration, and as such unam-
biguously compute the nonperturbative contributions to the Lagrangian, the Schwinger
effect gives us something else: a physical interpretation of this imaginary part.
Indeed, the imaginary part of the effective Lagrangian (2.18)) is precisely the pair-
production rate, or probability per unit volume for pair creation, for scalar electro-
dynamics in a constant electric field (27). In other words, the above unitary +i€
prescription for the integration contour guarantees that this probability is a posi-
tive number between zero and one (which basically demands (2.18)) to be real and
positive).

7 Notice that the residue at s = 0 precisely vanishes.
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Another interesting illustration of the Schwinger effect, which will be of par-
ticular relevance in our subsequent discussion on topological strings and matrix
models, is the case of a constant (Euclidean) self-dual electromagnetic background
(331345 135, satisfying

1
Fuy = *Fyy = Es,WMFP’l. (2.19)

Following (31)), we introduce .#2 = %FHVF HV and the natural dimensionless param-
eter Yy = 251‘27 . In this case, the one-loop effective Lagrangian describing a charged

scalar particle is now given by Schwinger (27)) and Dunne (31))

2 g2 400 1 1 1 s
e / ds( +>e 5 (2.20)
Jo

~ lon? s \sinh?s 2 3

admitting the weak coupling expansion

z(\/

4 oo B 20T 2n+2
m 242 (" ) . 2.21)

1672 ”; 2n(2n+2) \ m?
Notice that there are two possible self-dual backgrounds (33;34;[35): a magnetic-
like background with . real, in which case has an alternating sign; and an
electric-like background with .% imaginary, in which case is not alternat-
ing. If one carries through a Borel analysis similar to the previous one, where we
studied the case of constant electric field, one may further notice that while the
alternating (magnetic) series has Borel poles on the positive imaginary axis, the
non-alternating (electric) series has the Borel poles on the positive real axis, mak-
ing both situations rather distinct on what respects evaluating the inverse Borel
transforms. For the non-alternating (electric) series it is also possible to see that
the aforementioned unitarity prescription will pick a Borel contour leading to a
nonperturbative imaginary contribution to the Lagrangian, unambiguously given
by

em’Z & (2n v\ _m
I = — —+ = T, 2.22
m.Z 3273 nz’l<n +n2>e (2.22)

This expression can similarly be obtained by first considering the magnetic series,
reflecting the integrand in (2.20) to the negative real axis in order to obtain an inte-
gral over the entire real line, and then deforming this integration contour such that
it just incloses all the poles in the positive imaginary axis (a contour surrounding
iR™). The resulting integral will then produce a sum over residues which, upon
“Wick rotation” of the dimensionless coupling ¥ — i}, leads to the same expres-
sion as above, (@]} As we shall see in the course of this work, this expression is
also at the basis of the nonperturbative structure of topological strings and ¢ = 1
matrix models.

Another important feature of the Schwinger effect, that we shall further explore
later on, is the fact that in the presence of a constant electric field the pair-production
process can be given a semiclassical interpretation in terms of a tunneling process,
where electrons of negative energy are extracted from the Dirac background by
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Fig. 1 On the /eft, the energy as a function of the position. The blue (orange) region corresponds
to the lower (upper) continuum of particles with negative (positive) energy. The white region is
classically forbidden. On the right, the variation of the imaginary momentum in the sub-barrier
motion (color figure online)

the application of the external field (36)). The motion under the potential barrier,
classically forbidden, is considered for imaginary values of time, allowing for a
computation of the tunneling probability corresponding to the pair-production rate
as

W~ e_2HmS7 (2.23)

where Im S is the imaginary part of the action developed during motion under
the barrier. In here, a crucial point is that a particle in a sub-barrier trajectory
satisfies the classical equations of motion. One may then use standard classical
mechanics of a relativistic particle in order to describe this process. Indeed, energy

conservation
& = ++/p*+m? — eEx, (2.24)

together with the equation of motion d, p = ¢E, allow for an immediate re-writing
of the action (for & = 0) as:

2
_ P Al ( /2 2) 22
S(p) 20 p>+m 5F og(p+Vp*+m*). (2.25)

Notice that, because of the logarithm, the action is a multi-valued function.

The spectrum of possible values for the energy is displayed in Fig.[T} A poten-
tial barrier separates the lower continuum of negative-energy states (the minus sign
of v/ p? +m?) from the upper continuum of positive-energy states (the plus sign of

v/ p*+m?). Sub-barrier motion between points A; and A, will start at Ay, where
t = 0= p, and corresponds to the variation of the imaginary time/momentum along
the path A|BA,, while the real part of the energy remains constant. Indeed, at the
classical turning point B we will have t = im/eE and p = im, which corresponds to
a square-root branch point of the function S(p). The motion ends back atr =0=p
in point A, as shown in Fig.[I] In this case, we see that the sub-barrier trajectory
correspond to an increment of the imaginary part of the action as

Ap s, S =ImS, (2.26)

which we may compute as the shift of the multi-valued function S(p) as we move
in-between the sheets of the logarithm. In fact, it is rather simple to realize that
the value of S(p) on a generic sheet differs from its value on the principal sheet,

§*(p), by
2
S(p) =5"(p) +in % ne’. (2.27)

In the illustration above we went (once) “half way” around the branch cut [—im, +im|
in which case the shift in the action is given by

m?

—. 2.2
2eE (2.28)

ApBa, S =
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For a generic sub-barrier motion, corresponding to a repeated wandering of the
particle between the turning points A| and A, we may write

2
T
2ImS = \/pz—i—mzzn—rg, neZ, (2.29)
T e

where 7, is a contour encircling n-times the branch cut of the action. One may
notice (36)) that this result is in complete agreement with the Schwinger computa-
tion result (2.18).

Naturally, this semiclassical argument may be refined in order to reproduce the
pre-factors of the exponential term, and also so as to include the effect of a mag-
netic field. The point we wanted to make is that, from a semiclassical perspective,
the instanton action describing the pair-production rate as a tunneling process may
be computed via the branch cut discontinuities of the multi-valued function S(p).
This is a technique that we shall deploy later on in order to provide for a semiclas-
sical interpretation of nonperturbative effects in ¢ = 1 matrix models in terms of
eigenvalue tunneling.

In this paper, we shall apply the techniques we have just described, Borel anal-
ysis, instanton calculus, and the Schwinger effect, in order to study the nonpertur-
bative structure of topological strings and ¢ = 1 matrix models. As such, we now
turn to topological string theory with emphasis towards the integral representation
of its free energy.

2.3 The Topological String Free Energy

Asymptotic series and the Schwinger integral representation also appear in the
context of topological string theory (see, e.g., (37) for an introduction). Let us
start by describing the free energy of the A-model. The closed string sector of the
A-model is a theory of maps ¢ : £, — 2~ from a genus-g Riemann surface, Z,,
into a CY threefold 2", which may be topologically classified by their homology
class B = [¢.(X,)] € Ho(Z',Z). One may expand 8 = Z?EIHQ(%’Z) n;[S;] on a
basis [S;] of Hy(2",Z), with associated complexified Kihler parameters ;.

The topological string free energy has a standard genus expansion in powers
of the string coupling gj, as in (I.1I), which in the large-radius phase (i.e., for large
values of the Kihler parameters, in units of &) becomes

o0
F(gu{t}) = Y. g% 2F(t;),  Fy(t) =Y. Nop0P. (2.30)
§=0 B=0

Here, the sum over f is a sum over topological sectors or, equivalently, over
world-sheet instantons. We have further introduced Q; = ™", with QB denoting
I Q:"i’ and we have chosen units in which o' = 2x. The coefficients N, p are the
Gromov—Witten invariants of .2, counting world-sheet instantons, i.e., the num-
ber of curves of genus g in the two-homology class f3.

The expansion in world-sheet instantons in (2.30), regarded as a power series
in e ', generically has a finite convergence radius, 7., that can be estimated from
the asymptotic large § behavior of Gromov—Witten invariants (38))

N A () (2.31)
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In here, Y is a critical exponent. At the critical value of the Kéhler parameter, 7., the
so-called conifold point, the geometric interpretation of the A-model large-radius
phase breaks down and the topological string free energy undergoes a phase tran-
sition to a non-geometric phase, nonperturbative in o’. One may characterize the
theory by its critical behavior at the conifold point. In particular, one can consider
the following double-scaling limit

f 1, g—0, p="""% fixed. (2.32)

s
In this case, the double-scaled free energy is universal, as first noticed in (39), and
reads

1 1 = B _
Fos (1) = Fe1 (1) = s logpt — s logu + ) ng_z)uz % (233)
g=2

where F,_; () is the all-genus free energy of the ¢ = 1 string at the self-dual radius
(for a review on these issues see, e.g., (40)). The critical behavior @]) has been
checked in many examples, such as (41} 42). Furthermore, in (20), it has been
shown that certain local CYs have a critical behavior which is in the universality
class of 2d quantum gravity, i.e., they have y = f%. Another feature to notice is
that the above genus expansion depends on the alternating Bernoulli numbers and,
thus, is alternating for real u.

Of particular interest to our present work is the fact that the free energy F.—; (1)
has a Schwinger-like nonperturbative integral formulation (25} 43), given by

1 [+eds 1 1 1
Fow=- [ E(— 2 o)en, 2.34
1K) 4/0 s <sinh25 S2+3>e (2.34)

which coincides, after an appropriate identification of the parameters, with the
one-loop effective Lagrangian for a charged particle in a constant self-dual back-
ground . This means that F,._;(it) enjoys an asymptotic weak coupling
expansion as in (2.21)) and further develops a nonperturbative imaginary contribu-
tion akin to (2.22). In this line of thought, the exploration of Schwinger-like inte-
gral representations for the free energies of topological strings and ¢ = 1 matrix
models is one of the main topics in this paper.

2.4 A Schwinger—-Gopakumar—Vafa Integral Representation

As should be clear by now, Schwinger-like integral representations for the free
energy are bound to play a critical role in our analysis. Happily, for topological
string theory, such representations have been provided by Gopakumar and Vafa
(235 245 144)). These works explored both the connection of topological strings to
the physical IIA string, as well as the duality between type IIA compactified on
a CY threefold, at strong coupling, and M-theory compactified on the same CY
times a circle, in order to relate topological string amplitudes to the BPS structure
of wrapped M2-branes and thus re-write the topological string free energy in terms
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of an integral representation. The final result in (44)) for the all-genus topological
string free energy, on a CY threefold 27, is

FQ/(gs;{l,'})
_ (d;) +eo dyg 2r—2 o | .
f{d;,mnr (%)/O g <Zsm2) exp - oisim).

(2.35)

Let us explain the diverse quantities in this expression. The integers nsd"> (Z)
are the GV invariants of the threefold 2. They depend on the Kihler class d;
and on a spin label r. Later on we shall be focusing on the case where 2" is the
resolved conifold, for which there is only one non-vanishing integer, n(()l) = 1. The
combination Z = d -t +im represents the central charge of 4D BPS states obtained
in the following fashion (44). Start with M-theory compactified on .2" x S! and
consider the BPS spectrum of M2-branes wrapped on cycles of the CY threefold
with fixed central charge A =d -t = Z?:THz(%’Z) d;t;, with d; as above and ¢; the
complexified Kéhler parameters. The mass of the wrapped M2-branes is 27A.
Upon reduction on S! each BPS state may have in addition an arbitrary (quantized)
momentum m around the circle, leading to BPS states of central charge Z and mass
2wZ. Notice that these 4D BPS states contributing to the topological string free
energy may be understood, from a IIA point of view, as bound states of D2 and
DO-branes, and it is the physics of this system which can be related to a Schwinger-
type computation and thus to the above integral representation [in fact, thanks to
the .4 = 2 supersymmetry in the problem, the Schwinger calculation one has to
perform in this context turns out to be equivalent to that of a vacuum amplitude for
a charg ed scalar field in the presence of a self-dual electromagnetic field strength,
as in ] Furthermore, the integer m, associated to the winding around S',
counts the number of DO branes in the D2D0 BPS bound state. This should make
(2.35) clear.

One may also recover the perturbative genus expansion from this integral rep-
resentation. Using the familiar identity

Y exp < 2mim — ) Y é ( —n> (2.36)

meZ nez

with &(x) the Dirac delta function, one may explicitly evaluate the sum over m in
(2.33) and thus obtain, after the trivial integration over s,

Foo oo R N\ 252
el =Y ¥ a2 Y S(2sine) T Terman - 237)

r=0d;=1 n=1

This result expresses the topological string free energy, on a CY threefold 27, in
terms of the GV integer invariants (23; 24; 44). To be completely precise, it is
important to notice that in order to recover the full topological string free energy
one still has to add to the (alternating) constant map contribution (45} 146

Zng 2 —1)8 |B2g32g72|
4g(2g—2) (2g—2)V

(2.38)
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where yk(2°) =2 (h"! —h*!) is the Euler characteristic of 2". This term can
also be given a Schwinger-like integral representation. From the point of view of
the duality between type IIA and M-theory, this amounts to considering only the
contribution arising from the DO-branes, or Kaluza—Klein modes. The result is
(24)

1 teods —2mim 5
F = — s
R W e
= @) f’ L (2.39)
= 8){1{ nzlﬂsinhZ (%) .

In this paper we shall mainly consider the resolved conifold, a toric CY three-
fold for which dimH,(2",Z) = 1 and thus the only non-vanishing integer GV

invariant is n(()l) = 1. In this case, the GV integral representation 1} immedi-
ately yields

+°°d s .
»(8it) = Z / ’ e*z?s“*’m), (2.40)

meZ § SlIl

an expression which carries a Schwinger flavor, as we have seen above. It is also
important to point out that the case of r = 0 is the only one in which the integrand
of the GV integral representation will have “interesting” poles, i.e., poles of the
sine function on the real axis. When r > 0 the only poles of the integrand will be
at zero and oo in the Borel complex plane. So, in particular, when studying more
complicated CY threefolds where there is a sum over r > 0, it will always be the
contribution from GV invariants with » = 0 which will be the most relevant for
the Schwinger analysis we shall carry through later in the paper and, as such, the
case of the resolved conifold is a prototypical example for those situations. From
the previous expression it is also simple to obtain the perturbative expansion, by
summing over m as previously described, and one obtains

11 1 —2mnt
For(gst) = 4 Z’l n sin® (2) e (2.41)
n

By carrying through this sum, expanding in powers of g,, and adding the constant
map contribution, one finally obtains the resolved conifold genus expansion as

(—1)8|BogBag—2| |Bag|
2g(2g—2)(2g—2)!  2g(2g—2)!

with Li,(x) the polylogarithm function. We shall later see how a Borel analysis
allows for a nonperturbative completion of this expansion and moreover how to
relate this nonperturbative completion to the large-order behavior of the above
genus expansion.

One final word pertains to the matrix model description of strings on the
resolved conifold via a large N duality. It was shown in (47)) that there is a duality
between closed and open topological A-model string theory on, respectively, the
resolved and the deformed conifold; two smooth manifolds related to the same sin-
gular geometry. In the resolved conifold case the conifold singularity is removed

Fo(t) = Liz_pg (e7"). (2.42)
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by blowing up a two-sphere around the singularity; while in the deformed coni-
fold case the conifold singularity is removed by growing a three-sphere around
it, which is also a Lagrangian sub-manifold thus providing boundary conditions
for open strings. As it turns out, the full open topological string field theory in
this latter background, 7*S?, where we wrap N D-branes on the Lagrangian sub-
manifold base, S?, reduces to SU(N) Chern-Simons gauge theory on S? @49),
whose partition function further admits a matrix model description (8). The matrix
model in question, which we shall review in the next section, has a potential with a
single minimum and no local maxima. In this paper we refer to this type of matrix
models (which will also include the Gaussian and Penner cases) as ¢ = 1 matrix
models since, as we shall see, they all admit a very natural double-scaling limit to
the ¢ = 1 string at self-dual radius. Notice that ¢ = 1 matrix models do not belong
to the class of matrix models for which the off-critical instanton analysis has been
carried out so far. Because understanding nonperturbative corrections to the topo-
logical string free energy on the resolved conifold is undissociated from under-
standing nonperturbative corrections to ¢ = 1 matrix models, we shall consider
this latter case more broadly in order to shed full light on this class of instanton
phenomena. As such, ¢ = 1 matrix models is the subject we shall turn to next.

3 ¢ = 1 Matrix Models and Topological String Theory

We shall now introduce three distinct matrix models, all in the universality class
of the ¢ = 1 string, and which will be the main focus of our subsequent discussion.
As mentioned in the previous section, one of these models is the one describing
Chern—Simons gauge theory on S, known as the Stieltjes— Wigert matrix model.
Another interesting, and rather elementary, matrix model is the Gaussian model.
Yet, we shall find that it already displays many features that will also appear for
the resolved conifold. Finally, we also address the Penner matrix model, first intro-
duced to study the orbifold Euler characteristic of the moduli space of punctured
Riemann surfaces. These three models have been extensively studied in the litera-
ture and in the present section we will mostly gather some general facts necessary
to obtain their topological large N expansions and their holomorphic effective
potentials. Then, in the following section, we shall analyze their large N asymp-
totic expansions from the point of view of Borel analysis.

Let us begin by recalling some basic notions about matrix models (see, e.g.,
(1511851495 150)). The hermitian N x N one-matrix model partition function is

1

_ -2 TrV(M)
2= Lol /dMe ’ ’ G-

with vol (U(N)) the usual volume factor of the gauge group. In the eigenvalue
diagonal gauge this becomes

LR (AN 2 - V)
Z—N!/ZH<2”>A (A)e & , (3.2)

where A(A) =[];<; (4 — 4;) is the Vandermonde determinant. The free energy of
the matrix model is then defined as usual F = logZ and, in the large N limit, it has
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a perturbative genus expansion
F= Z 82 2F, (1 (3.3)

with t = Ng, the ’t Hooft coupling. Multi-trace correlation functions in the matrix
model may be obtained from their generating functions, the connected correlation
functions defined by

Wi( ) <Tr ! Tr ! >
2y 52 —
el " zu—M p=M/

= Zg2g+h Wen(ziy- - znst). (3.4)

In particular, the generator of single-trace correlation functions is W (z) = No(z)
where (z) is the resolvent, i.e., the Hilbert transform of the eigenvalue density
p(A) characterizing the saddle-point associated with the matrix model large N
limit. In the most general case, this saddle-point is such that p(4) has support €,
with € a multi-cut region given by an union of s intervals %;. At large N, the eigen-
values condense on these intervals %; in the complex plane and one may interpret
them geometrically as branch cuts of a spectral curve which, in the hermitian
one-matrix model, would be a hyperelliptic Riemann surface corresponding to a
double-sheet covering of the complex plane C, with the two sheets sewed together
by the cuts %;.

The spectral curve, to be denoted by y(z), may be written in terms of the genus
zero resolvent which, for a generic one-cut solution with € = [a, ], is given by
the ansdtz

1 dw V'(w) | (z—a)(z—b)
wo(z)_j @ 2mi z—w \| (w—a)(w—b)’ (3-5)

where one still has to impose that @y (z) ~ % as z — oo, in order to fix the position
of the cut endpointﬂ The spectral curve is then defined as

¥(2) =V'(z) =2t w0 (z) = M(2) \/(z—a)(z = b). (3.6)

For future reference, it is also useful to define the holomorphic effective poten-
tial, defined as the line integral of the one-form y(z) dz along the spectral curve,

A
x@ﬂuqz/'&ﬂa, 3.7)

which appears at leading order in the large N expansion of the matrix integral as

N 1 N
Z~ /Hdlg exp <—g Z Vheete(Ai) + - ) . 3.8)
i=1 Si=1

8 This boundary condition states that the eigenvalue density is normalized to one in the cut,

Jedip(2) = 1.
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Because the real part of the spectral curve relates to the force exerted on a given
eigenvalue, it turns out that the effective potential Vegr(z) = Re Vherr(z) is con-
stant inside the cut 4, i.e., inside the cut the eigenvalues are free. The imaginary
part of the spectral curve, on the other hand, relates to the eigenvalue density as
Imy(z) = 27t p(z), thus implying that the imaginary part of Vi.e(z) is zero out-
side the cut and monotonic inside. These two conditions guarantee that the eigen-
value density is real with support on 4. Furthermore, as should be clear from the
expression above, if the matrix integral Z is to be convergent a careful choice of
integration contour for the eigenvalues has to be made based also on the proper-
ties of the holomorphic effective potential (2 [3). In particular, this contour may
be analytically continued to any contour which includes the cut 4 and does not
cross any region where Vegr(z) = Re Viefr(z) < 0, thus guaranteeing global stabil-
ity of the saddle-point configuration and convergence of the matrix integral (as
Re Viefr(A) — oo at the endpoints of the integration contour). These properties
of Viert(z) ensure that, in the large N limit, the matrix integral can be evaluated
with the steepest-descendant method (2 3)).

There are many ways to solve matrix models. In particular, (51) proposed a
recursive method for computing the connected correlation functions (3.4) and the
genus-g free energies, Fy (1), entirely in terms of the spectral curve. This recursive
method, sometimes denoted by the topological recursion, appears to be extremely
general and applies beyond the context of matrix models; see (52) for a review.
For our purposes of computing the genus expansion of the free energy one of the
most efficient and simple methods is that of orthogonal polynomials (18)), which
we now briefly introduce. If one regards

_1 d
du(z)=e '@ ﬁ 3.9)

as a positive-definite measure in R, it is immediate to introduce orthogonal poly-
nomials, {p,(z)}, with respect to this measure as

/R dp(z) pn(2)pm(z) = hpGpm, n >0, (3.10)

where one further normalizes p,(z) such that p,(z) = 7" + - --. Further noticing
that the Vandermonde determinant is A(A) = detp;_;(4;), the one-matrix model
partition function may be computed as

N—1 N
Zy =[] hn=ho T]rd " (3.11)
n=0

n=1

h

where we have defined r, = 5 = for n > 1. These coefficients also appear in the

n
recursion relations of the orthogonal polynomials,

Pnt1(2) = (24 50) pn(2) = ra Pu—1(2)- (3.12)

In the large N limit the recursion coefficients approach a continuous function r,, —
R(x), with x = £ € [0, 1], and one may proceed to compute the genus expansion
of log Z by making use of the Euler—MacLaurin formula; see (18 50) for details.
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3.1 The Gaussian Matrix Model

Let us first focus on the Gaussian matrix model, defined by the potential Vg (z) =
%zz. This case is rather simple as the matrix integral can be straightforwardly
evaluated via gaussian integration, and the volume of the compact unitary group
follows by a theorem of Macdonald (53)) as

(2”)%N(N+1)

vol (U(N)) = m,

(3.13)

where G(z) is the Barnes function, G2(z+ 1) = I'(z)G2(z). The Gaussian parti-
tion function thus reads

N2

2
(‘Z‘r)g Gy(N+1). (3.14)

/G =

The same result can be obtained with orthogonal polynomials. With respect to the

Gaussian measure du (x) = ¢~ dx one finds Hermite polynomials, H,(x), and for
the Gaussian matrix model it follows

gs>% F4 G _ »n gs
n = \5 Hn y hn =& ! et} 3.15
pa(2) (2 (@) gl 5 (3.15)

indeed reproducing the expected result for the partition function as
N2
N-1 g Nl
z=[]m =" [In"=2%, (3.16)
n=0 (275)7 n=0

where we have also used that Go(N+1) = H;V;OI n!. The asymptotic genus expan-
sion of the Gaussian free energy Fg = logZg simply follows from the asymptotic
expansion of the logarithm of the Barnes function and one obtains

1
FO(t) = Eﬂ <10gt— ;) , (3.17)
1
FS(t) = —Elogt—i—é'(—l), (3.18)
B
G\ — 28 2-2g >
Fp(1) 2g@g—2)t ) g>2, (3.19)

where {(z) is the Riemann zeta function. One immediately notices that all free
energies with g > 1 diverge when ¢ — 0. It is then quite obvious to consider the
double-scaling limit, approaching the critical point 7. = 0, as

t—t,
8s

in order to obtain the ¢ = 1 string at self-dual radius behavior

t—0, g—0, pu=

fixed, (3.20)

B
262Gy, 228 2% o9 321
8s g()ﬂzg(zgiz)u , g2 (3.21)
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Fig. 2 The Gaussian algebraic curve for values of t = —0.5,—0.1,0,40.1,+0.5, from left to
right, respectively. Notice that the algebraic curve is singular fort =0

Fig. 3 The real part of the Gaussian holomorphic effective potential in the complex z-plane, for
t = 0.2. In blue is the region Re Vh?eff(z) <0, in orange the region Re Vh?eff(z) > 0, and the black
lines correspond to the Stokes lines Re VhG;eff(z) = 0 (which also include the cut of the spectral
curve). The white cut corresponds to the logarithmic branch cut (color figure online)

Finally, it is very simple to compute the one-form on the spectral curve of the

Gaussian model
y(z)dz = V722 — 4t dz, (3.22)

as well as the holomorphic effective potential

1 iV —4
Visen(2) = 52V/22 — 4 — 2rlog (M) , (3.23)

where we have normalized the result such that th;'eff(b =24/t) = 0. In Figs. 2|and
we plot the Gaussian algebraic curve for different values of ¢, as well as the real
value of the holomorphic effective potential in the complex plane. We notice that,
with an appropriate identification of parameters, the Gaussian holomorphic effec-
tive potential coincides with the action associated to the semiclassical Schwinger
effect (2.23). In the following, we shall further comment about this interesting
coincidence.

3.2 The Penner Matrix Model

The second example we wish to address is the Penner matrix model (54)). First
introduced to study the orbifold Euler characteristic of the moduli space of Rie-
mann surfaces at genus g, with n punctures, it turns out that in the double-scaling
limit this model is actually related to the usual ¢ = 1 noncritical string theory,
its free energy being a Legendre transform of the free energy of the ¢ = 1 string
compactified at self-dual radius (55} [56). The Penner matrix model is defined by
the potential Vp(z) = z —logz and one may simply compute its partition function
again using orthogonal polynomials. Indeed, one may write the Penner measure
as

1 _=zdz
d = Z8s 8s R 324
U(z)=z&e o (3.24)
which is, up to normalization, the measure for the generalized, or associated,
Laguerre polynomials Lﬁ,a)(x) = %e"x‘o‘d‘i—nﬂ (e7*x"%). It thus follows for the

Penner matrix model

1 2n+1+L 1
pn(2) = (_1)’18?’1!L1(11/g5) (gzs) , = 78 “nlll <n—|— 2 + 1) .
(3.25)
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This immediately leads to the calculation of the partition function in this model as

NV+4) Gy (N+1)Gs (N+é+1)

~ p_ 8
Zo =[] = , (3.26)
N )
where we made use of the Barnes function, satisfying
N-1
Gy (N+a+1)
I'h+o+1)=———7—-—"-+—- (3.27)
g ( ) G(a+1)
The normalized Penner free energy .-%p = Fp — Fg = log % is given by
1 N 1
Fp = =N?loggs + — loggs — =Nlog2m
2 gs 2
1 1
+logGy [N+ —+1) —logGy | —+1 ), (3.28)
8s 8s

and it admits the following genus expansion, obtained from the asymptotic expan-
sion of the logarithm of the Barnes functions,

FE) = %(r+1)2 (10g(t+1)—;>+i, (3.29)
Fr(t) = —élog(ﬂrl), (3.30)
P Bag 2-2¢

0= 550 ((t—l—l) 1), g>2. (3.31)

One immediately notices that all free energies with g > 1 diverge whent — —1. It
is then quite obvious to consider the double-scaling limit, approaching the critical
pointz, = —1, as

r—t,
t——1, gg—0, u=-—-"fixed, (3.32)

N

in order to obtain the ¢ = 1 string at self-dual radius (55)

B
282 Py, T2 2728 o5 3.33
8s g()—>2g(2g_2)u ;82 (3.33)

Next, let us address the large N expansion of the Penner matrix model by
making use of saddle-point techniques (575 58)). This time around, the ansditz for
the large N, genus zero resolvent is (57))

wy(2) ! (V’(z)— ! (z—a)(z—b))7 (3.34)

:Z zvab
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Fig. 4 The Penner algebraic curve for values of t = —0.2,—0.01,0,4-0.01,40.2, from /eft to
right, respectively. Notice that the algebraic curve is singular fort =0

Fig. 5 The real part of the Penner holomorphic effective potential in the complex z-plane, for
=0.1. In blue is the region Re V¥ (z) < 0, in yellow the region ReV;% (z) > 0, and the black

lines correspond to the Stokes lines Re Vlf;eﬂ-(z) = 0 (which also include the cut of the spectral
curve). The white cuts corresponds to the logarithmic branch cuts (color figure online)

so that its large z asymptotics, wy(z) ~ % + .-+ as z — oo, immediately determine

the endpoints of the cut € = [a, b] to be

a=1+2t-2/t(t+1), (3.35)
b=1+42t+2/t(t+1). (3.36)

It is now simple to obtain the one-form on the spectral curve of the Penner model

]
W(2)dz = ;\/12—2(2t+1)z+1dz (3.37)

as well as the holomorphic effective potential

Vh]?eff(z)

=/22—2(2t+1)z+1+1logz

—log <1 —(2t+1)z+ z2—2(2t+1)z+1>

—(2t+1)log (z—(2t+1)+\/ 2—2(2t+1)z—|—1)
+(@+1)log(t(r+1))+ (t+1)logd +im, (3.38)

where we have normalized the result such that VhIZeff(b) = 0. In Figs.@{and , we
plot the Penner algebraic curve for different values of ¢, as well as the real value of
the holomorphic effective potential in the complex plane. The structure of Stokes
lines for this potential is now more complicated (see, e.g., (57; 58)) than in the
familiar polynomial cases (see, e.g., (2;[3)).

3.3 The Chern—Simons Matrix Model

We now turn to the Chern—Simons, or Stieltjes—Wigert, matrix model. As we pre-
viously stated this model is particularly interesting for its relation, via a large N
duality, to topological string theory on the resolved conifold (47). The SU(N)
Chern—Simons gauge theory on a generic three-manifold has been realized as a
matrix model in (8)); see (59) for a review.. Here, we shall focus on the resolved
conifold case, where the partition function of SU(N) Chern—Simons gauge theory
on S? is, up to a factor, given by the Stieltjes—Wigert matrix model (60) defined

by the potential Vsw(z) = %(logz)z. To be precise, the Chern—-Simons partition
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function relates to the Stieltjes—Wigert partition function by the simple expression
Zcs = exp (— ﬁ (7N 2 l)) Zsw, so that the corresponding free energies equate as

78 ¢
+ — + Fsw. (3.39)

Fos=———
ST TnRg 12

For a review of the main features of this matrix model, including saddle-point
methods and orthogonal polynomial analysis, we refer the reader to, e.g., (50).

Let us start by computing the partition function Zcg using orthogonal polynomials—

as we shall see one may regard the Stieltjes—Wigert matrix model as a q-deformation,
in the quantum group sense, of the Gaussian matrix model. The logarithmic mea-

1 2
sure du(z) = ¢ % (log?) %Zt is well-known in the literature precisely because it
leads to so-called Stieltjes—Wigert orthogonal polynomials,

n o k(k—n) k
pn<z>=<—1>”q"2+22[2] o7 (k)
q

(3.40)
hEW _ q%n(n+1)+% Mq' %7
where we have introduced
n _n n [n]q|
q:egx’ [n] :qz_q 2’ |: :| = (341)
4 m|, [ml[n—m],!

With this information at hand, one may now explicitly compute the Stieltjes—
Wigert partition function from definition

N—1

N
_ H sw_ (8s\2 N@IN2-1) H
v ohn B (271) " =0 "l 04

n= =
A simple glance at (3.16) immediately shows that, up to normalization, one may
indeed regard the Stieltjes—Wigert matrix model as a g-deformation of the Gaus-
sian matrix model, at least at the level of the partition functions. One may further
define the g-deformed, or quantum Barnes function as

N—1
GyN+1)=T] [, (3.43)
n=0

N
so that the Stieltjes—Wigert partition function is simply Zsw = (5% ) ? g N 2_I)Gq (N+

1). These expressions may then be used to address the large N topological expan-
sion of the Stieltjes—Wigert matrix model. Standard use of orthogonal polynomial
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techniques (18), as described, e.g., in (50), yielcﬂ

sy BT
Fo>(1) = Liz (e7) +¢(3), (3.44)
12 6
cs t _
FOS () = =5+ L () + (=), (3.45)
BygBrg 2 B, . 3
cht — 828 g Lia ; <5
e = - s T 25 g1 " %(e), 822,
(3.46)
where Li,(z) is the polylogarithm of index p,
+o0 _n
Z
Lip(2)= 2, -5 3.47
IP(Z) n;lnp ( )

At genus g > 2 of course the topological expansions of Chern—Simons and Stieltjes
Wigert perturbative free energies coincide, FgCS (1) = ngw(t). Furthermore, after

analytical continuation gy — ig;, the free energies FgCS (t) coincide with the free
energies of topological strings on the resolved conifold (2.42), once one identifies
’t Hooft coupling and Kéhler parameter. Finally, notice that all free energies with
g > 1 diverge when ¢t — 0 which corresponds to e’ — 1; with this second vari-
able the natural one as the divergences are associated to the singular point of the
(negative index) polylogarithm, Li_,(1). It is then quite natural to consider the
double-scaling limit, approaching the critical point e’ = 1, as

el —et
e’ —1, g —0, u=-—— fixed, (3.48)

8s

in which case one again obtains the ¢ = 1 string at self-dual radius

B
28-2pCS (), 728 2% >0 3.49
8% T, ()—>2g(2g—2)'u , 82 (3.49)

Finally, we address the spectral curve and holomorphic effective potential for
the Stieltjes—Wigert matrix model by making use of saddle-point techniques. With
potential Vsw(z) = %(logz)2 and Viy (z) = %logz one must be a bit careful in
applying (3.5) to compute the resolvent: indeed, the deformation of the contour
around the cut, € = [a, ], must now be done differently due to the logarithmic
branch-cut. Instead of capturing the pole at z and the pole at oo, this time around
one captures the pole at z and the branch cut along the negative real axis (zero
included); we refer the reader to (50) for further details. The endpoints of the cut
are

ab=2¢" —d +2e3 e —1, (3.50)

9 Notice that, unlike in the previous example of the Penner model, in here we have not
normalized the Chern—Simons free energy by the Gaussian free energy.
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Fig. 6 The Stieltjes—Wigert algebraic curve for values of r = —0.1,—0.01,0,+0.01,+0.05, from
left to right, respectively. Notice that the algebraic curve is singular for r = 0

while the one-form on the spectral curve reads

(de= Zlog = (+eg—de 351
=-1lo , .
¥(z)dz p g 2 z (3.51)

which coincides with the one-form log¥ (Z) %Z on the mirror curve 57 (Z,Y) =0
of the resolved conifold, written in terms of the C* variables Z = ¢ and Y = ¢&’.
One further computes the holomorphic effective potential as

cs
Vietr (2)

= —%logzz—i-logzé—Z (log&log(l—e"&)+Lir(1—&)+Lir(e '€)) — Vo

- _%logzz—Hngé —2 (logé log(1 —e™'&) +Liz(e™'E) —Liz (&)

7.52
—1og(1—<§)1og§+6> —Va, (3.52)

where equality holds due to the Euler’s reflection formula for dilogarithms
. . n?
Liz(§) +Liz(1 =) = = —log (1 - &) log§. (3.53)
In here we have set

1+e'z41/(1+e2)? —4z
§(z) = 5 (3.54)

to simplify notatio and we have defined
Vo = félogz (2e2’ fe’+2e37'\/efj) +log? (elJre%\/e’fl)
“2log <ef+e%m> log (—e—% ef—l)—ZLig 1—e — et e’—l)
oLy (1 e i = 1) : (3.55)

to ensure that the result is normalized such that V}&Sff(b) = 0. In Figs.|6|and |7 we
plot the Stieltjes—Wigert algebraic curve for different values of ¢, as well as the
real value of the holomorphic effective potential in the complex plane. Given that
Lis(z) is the standard dilogarithm function, with its intricate branch structure, it
is not too hard to realize that the structure of Stokes lines of the present effective
potential is now much more complicated than usual.

é

10 Using this variable, the spectral curve is also compactly re-written as y(z) = 2 log v
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Fig. 7 The real part of the Stieltjes—Wigert holomorphic effective potential in the complex z-
plane, for r = 0.1. The black lines correspond to the Stokes lines Re Vlfesff(z) = 0 (which also
include the cut of the spectral curve). The white cuts and regions correspond to the logarithmic
and dilogarithmic branch cuts. Because of the choice of principal sheets in Mathematica the
colored regions are now not so clear. Akin to the Penner model, the region in yellow, to the right
of the vertical black lines, and the region in blue, inside the “closed bubble”, have Re th;esff(z) >

0, in the principal sheet. The rest is Re kafesff(z) < 0 (color figure online)

3.4 Double-Scaling Limit and ¢ = 1 Behavior

We have just seen that the Gaussian, Penner and Chern—Simons free energies
admit rather simple double-scaling limits to the ¢ = 1 string at self-dual radius.
In the Chern—Simons case, this relates to our earlier discussion in Sect.[2.3] where
we pointed out that, at the conifold point of moduli space, the A-model may still
be characterized by its critical behavior in the double-scaling limit (2.32). Free
energies of the topological string reduce, in this situation, to free energies of the
¢ = 1 string. Let us now briefly discuss, in the example of the Chern—Simons
matrix model, how one may also study the destiny of the open string sector, i.e.,
of the matrix model correlators Wj,(p1,. .., ps) introduced in (3.4), in this ¢ = 1
double-scaling limit.
Introducing a parameter { as

el=1-2¢, (3.56)

the conifold point of the Chern—Simons model is thus located at { = 0. The expan-
sion of the branch points of the spectral curve (3.51)) near the conifold point yields

ab=1+207 4, (3.57)

in which case it is natural to scale also the z variable in the spectral curve as

z=1+4C7s (3.58)

in order to appropriately zoom into the critical region. In here, s is the double-
scaled open coordinate. In these variables the Chern-Simons one-form y(z) dz, at
criticality, scales to

y(z)dz — y(s)ds = § /52 —4ds (3.59)

which one immediately recognizes as the one-form of the Gaussian matrix model.
The interesting point is that, in the same variables, also the two-point correlator
Wo(p, q) reduces to the Gaussian one

st—4
—4)(t2—

11
Woa(p,q)dpdg — 5 =L ( = 3 —1> dsdr.  (3.60)

In fact, there is a property of the topological recursion, proved in (51), which
states that one may either first compute matrix model amplitudes and then take
their double-scaling limits, or else recursively compute amplitudes directly from
the double-scaled curve, the result being the same (i.e., the operations commute).
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As such, in the ¢ = 1 double-scaling limit Chern—Simons open correlators will all
reduce to Gaussian open correlators

Wi (21, zn)day - dzy — 27 MWE, (51, 5) sy - dsy. (3.61)
Now recall that open topological string amplitudes may be computed from the
matrix model correlators Wy j,(z1, . ..,z5) as (105 (1151615 62)

(g) P1 Ph
A7 (p1ye-pn) = / dzi...dzyWen(z1,- .. zn), (3.62)

where the {p;} are the open string parameters which parametrize the moduli space
of the brane. As such (3.61)) shows how, near the conifold point, open amplitudes
of topological strings on the resolved conifold reduce to Gaussian amplitudes.
This is actually generic for topological string theory near the conifold point (12)).
We shall now relate these Gaussian amplitudes with open amplitudes in the dual
¢ =1 model.

We first need to recall some results in non-critical strings, holographically
duals to matrix models. We are interested in minimal models obtained by cou-
pling 2D gravity to minimal (p,q) matter models, with central charge ¢, , =
1 —6(p—q)?/pq. The coupling to gravity leads to the appearance of the Liou-
ville field, ¢, with world-sheet action

_ d*z 2 2b¢
st/E\/g((hp +ORY +4mm ), (3.63)

where yr, is the bulk cosmological constant. The central charge of the Liouville
sector is c. = 1 +6Q?, and the parameter b above relates to the background charge
Q as O = b+ 1/b. The bosonic string requirement that the total central charge of

Liouville theory plus minimal matter equals ¢ = 26 eventually fixes b = \/E .

q
There are two distinct types of boundary conditions in Liouville theory (63; 164)).
There is a one-parameter family of Neumann boundary conditions, the so-called
FZZT branes, parameterized by the boundary cosmological constant tg, usually
expressed in terms of a parameter s as

HL

W cosh (ﬂbs) . (364)

U =
Besides FZZT branes, there are also ZZ branes, associated to Dirichlet boundary
conditions. These correspond to a two-parameter family, parameterized by the pair
of integers (m,n), and are localized at ¢ = oo. At the quantum level FZZT and ZZ
boundary conditions, or, respectively, the (B| and <B(mﬂ)\ boundary states, are
related as (6551665 167)

. . (m
<B(m,n)| = <Bv(mn)| - <Bs(m,—n)|a with s(m,n) =1 (; +bi’l) . (3.65)
Both types of branes have been given a geometrical interpretation in terms of
a complex curve, in (67). This is accomplished by introducing the variables

_ 9 e TTs
x = g ~cosh(mbs), y= %Z ~ sinh (?) ) (3.66)
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Considered as complex variables, the coordinates {x,y} define an algebraic curve
F(x,y) = 0 embedded into C?, which is identified with the spectral curve of the
dual matrix model (i.e., a double-scaled hermitian one-matrix model) (67). The
FZZT brane disk partition function may be equivalently written as the line integral
of the one-form ydx as

HB
ZMT (ug) = / dxy. (3.67)
Analogously, the A-point matrix model correlators (3.4) are identified with open
amplitudes with FZZT boundary conditions, e.g., the two-point function Wy > (p,q)
is identified as the annulus amplitude for FZZT branes and so on. The ZZ brane
disk partition function is instead defined as the line integral of ydx over a closed
contour

7/ = dxy, (3.68)

m,n
( ) Ym.n

where ¥, , is a non-contractible contour conjugate to a “pinched cycle”, starting
and ending at the singular point x,, ,) = x (s(m,1)) and y,, ,y = y (s(m,n)) (67).

The case of ¢ =1 is a bit more subtle since one has to consider the singular
b — 1 limit. It is first necessary to introduce the renormalized couplings

Mt = lim (w(1-b%) ), ptp =1 = lim (w(1—6%) us) . (3.69)

Furthermore, an appropriate subtraction is required in order to define the FZZT
disk partition function. This may be expressed in terms of the one-form w(s) dug i (s)
with

a ZFZZT 4
=1 e N / .
w(s) bl—r>r%<7r(1—b2)+7r DHB)’ (3-70)

where Zp is the disk partition function in the ¢ = 1 CFT. The relevant ¢ = 1 curve
then reads

x(s) = pp c=1(s) = /He=1 cosh(7s),
y(s) = w(s) = —D+/Ue—| wssinh (7s),

where D is some constant. The identification of the curve (3.71)), arising from CFT
considerations, with the curve of the dual matrix model is another delicate point.
Here, the relevant matrix model is a double-scaled version of Matrix Quantum
Mechanics (MQM) with a Sine—Liouville perturbation. It is know for quite some
time (49) that the singlet sector of this MQM can be reduced to a system of free
fermions, in an inverted harmonic oscillator. In the semiclassical limit, the ground
state of this system is completely determined by the shape of the Fermi sea, which
can be parameterized in terms of an uniformization parameter T as (40)

x(t) = \/2ucosh(t), y(t) = +/2usinh(7), (3.72)

where t denotes the Fermi level. In analogy with the ¢ < 1 case, one would like
to identify the above MQM curve with the CFT curve (3.71). However, these
two curves are clearly distinct. A solution to this puzzled has been offered in

(3.71)
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(685 169; [70), where it was proposed that one should instead identify w(s) with the
resolvent, rather than directly with the spectral curve of the dual matrix model.
The spectral curve can then be extracted, following a very standard matrix model
procedure, from the discontinuity of w(s),

1
p(s) = ~ % (w(s+ig) —w(s—ig)) = —Dy/U— sinh(7s). (3.73)
i
Clearly the new CFT curve, defined as

x(s) = upc=1(s), y(s)=p(s), (3.74)

agrees with the one-matrix model spectral curve (3.72) after an appropriate iden-
tification of parameters. The FZZT brane partition function can then be obtained
from the line integral of the one-form y(7) d;x(7)dz, while the ZZ brane partition
function can be defined by the following closed integral on the MQM curve (69)

inn
z4 = i]{ dxy = i/ dtd.x(7)y(t) = 27nu, neZ, (3.75)
’ Yn —inn

corresponding to a (n,1) ZZ brane partition function. Indeed, it has been shown
that only an one-parameter set of the ¢ = 1 ZZ branes may be identified in the dual
MQM (71)).

Let us further notice that the above matrix quantum mechanics spectral curve
(3.72), with the uniformization parameter 7, is just an infinite covering of the
hyperboloid

X2 —y*=2u, (3.76)

which is precisely the spectral curve of the Gaussian matrix model. In particular,
this explains how open matrix model correlators of the Gaussian model, Wgh, get
identified with D-brane amplitudes with FZZT boundary conditions in the ¢ = 1
model at self-dual radius. Indeed, in (72) it was checked that the double-scaled
Gaussian correlators are related to macroscopic loop operators in the ¢ = 1 theory.
Finally, the limit (3.61)) shows that topological string amplitudes with toric-brane
boundary conditions reduce to ¢ = 1 amplitudes for FZZT branes. Hence, and as
already pointed out in a related context in (L0), toric branes reduce to FZZT branes
in the double-scaling limit, at the conifold point.

4 Nonperturbative Effects, Large Order and the Borel Transform

We may now turn to the study of the asymptotic perturbative expansions for the
free energies of the matrix models and topological strings we are interested in.
In particular, we shall perform a detailed Borel analysis of each case, and thus
understand what type of nonperturbative effects control the large-order behavior
of the distinct perturbative expansions.
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4.1 The Gaussian Matrix Model and ¢ = 1 Strings

Let us begin with the Gaussian matrix model. The genus expansion of its free
energy , is clearly an asymptotic expansion with FgG ~ (2g —3)!, given the
growth of Bernoulli numbers as By, ~ (2g)!. Recalling our discussion in Sect.[2]
we may then consider the Borel transform of the divergent Bernoulli sum, i.e.,
restricting to genus g > 2, and obtain

e FO() L, 12 11
@[Fc]<é>:;(2g_3)!§2“=—12+22—4w<5). 1)

This function has no poles on the positive real axis, for real argument (the genus
expansion?@ is an alternating series). As such, one can define its inverse Borel

transfor
Fale) 1 [+=ds 1 2 21+1 i @2
)= —— - — — —|e 3
G\gs 4Jo s \ sinh? (% s) gs/) s 3 ’

providing a nonperturbative completion for the asymptotic expansion of the free
energy in the Gaussian matrix model. It is quite interesting to notice that, upon the
trivial change of variables s — o = 4 s, this expression precisely coincides with
the one-loop effective Lagrangian for a charged scalar particle in a constant self-
dual electromagnetic field (of magnetic type) introduced in Sect.[2.2] Comparing

with (2.20) we see that in here

27 1
r= m> N’

4.3)

If one instead considers imaginary string coupling, g, = ig,, the asymptotic
expansion (#.2) will coincide with the one-loop effective Lagrangian correspond-
ing to a self-dual background of electric type, which is exactly the same as that
for ¢ = 1 strings at self-dual radius. This time around the perturbative series is not
alternating in sign, and the Borel integral representation

~ 1 [tedo 1 I 1\ _ze
Fc:l(gs)Z*/O G(sinz_cz_3>e & (4.4)

has an integrand with poles on the positive real axis, in principle leading to ambi-
guities in the reconstruction of the function, as discussed in an earlier section.
However, we may now use the analogy of this expression to the results in Sect.[2.2]
in order to use the unitarity prescription to perform an unambiguous calculation,
which basically yields an i€ prescription which reduces the imaginary part of the

1" Notice that since EgG ~ (2g — 3)! the inverse of the Borel transform will now have an extra

factor of % with respect to the definition of Sect. which dealt with asymptotic growths of the
type ~ (Bn)!.
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integral to a sum over the residues of its integrand. The nonperturbative imaginary
contribution to the above free energy is thus simple to compute a:

~ T do 1 1 1 1 2o
H F_ o = — _— —_— = = s
mFes1(85) 4 ngo ' 270 © <sin2(; o2 3>e ’

1 & /2m g 27t n
- il £ - . 45
47rg‘sn§<n +n2)eXp< 2 > @

As expected from the discussion above, this formula precisely matches with the
Schwinger result in a self-dual background, expressed in (2.22). It can also be
obtained from the “alternating” result (4.2)) by analytic continuation and contour
rotation. Furthermore, as discussed in Sect.@ it follows that the discontinuity of
the free energy across its branch cut consists of an instanton expansion given by

~ i 2 on Zs _ 2qin
Di F_q(9.) = — —_— — 8s
isc Fe—1(&s) 27rgs,§’1< . + n2> e

=F(g)+F®(g)+---. (4.6)

We may now relate this instanton series to the full ¢ = 1 perturbative expansion
(2.33), by means of the Cauchy formula (2.8). One first observes that the integral
over the contour at infinity in has, in here, no contribution, since the Barnes
function is regular at infinity (see, e.g., (73)). As such, the dispersion relation (2.8))
readsE] after power series expansion of the integrand’s denominator,

foo foo 2k 0
~ g: dz 2mtn
Foi) =L s [ (145

=2 (2mn)?

_ 2mn +oo oo 2(2k—|-1) <g5>2k

e Vo= ST (e @.7)
y;k;] (271:”)2k+2 t
o 2(28—1)

where we used the definition of the Riemann zeta function as

~+o0

=) L (4.8)

~
nzln

Notice that, from the first to the second line, we truncated k = O from the k sum.
Indeed, for this particular value of k the integral would require regularization.
However, this would only contribute to terms at genus zero and one, which we
are not considering here in any case. As such we shall simply truncate the k =
0 contribution from the sum, without the need to regularize the divergence, and

12 Notice that the pole at ¢ = 0 has vanishing residue.
13 Recall that for matrix models and strings one uses z = g2; see Sect.
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focus on the genus g > 2 contributions. In this way, if in the above formula for

F.—1(g) we further relate the Riemann zeta function to the Bernoulli numbers via

—(n+1) (271.)271

§(2n) = (1) 0 S B “9)
it immediately follows
. +o0 ’B2 ‘ g_v 2g-2
Fl(@3) =Y —=— () (4.10)
e g;z 26(2g—2) \ ¢

which is indeed the ¢ = 1 perturbative expansion, for genus g > 2, with u = é.

In some sense, (#.10) takes us back to where we started the discussion, 1.e.,
the Gaussian matrix model perturbative series. Indeed we have seen that the alter-
nating Gaussian perturbative series admits a simple Borel transform, which may
be inverted unambiguously to provide a nonperturbative completion of the theory.
Upon “Wick rotation” of the coupling constant, this completion also describes the
non-alternating ¢ = 1 string theory alongside with its instanton effects (obtained
in a fashion very similar to our earlier discussion of the Schwinger effect). Of
course that a key aspect of this analysis is the fact that the integral representation
of the free energy, provided by the inverse Borel transform, precisely coincides
with the nonperturbative integral formulation of the ¢ = 1 theory put forward in
(255 143). One may thus consistently pick either starting point and obtain the very
same results.

To end our analysis, we shall now address the large-order behavior of pertur-
bation theory and see that it is controlled—as expected—by one-instanton con-
tributions, i.e., by the closest pole to the origin in the complex Borel plane. If
one considers the first term in the instanton expansion and, following the
discussion in Sect.[2.1] one sets

] o 27
F‘”(g‘s)z—g_i (z+‘2g;r> e w @.11)
s
a comparison with (2.10) immediately yields
1
A=2m, b=—1, FV=1 FE"=_— 4.12
9 9 1 9 2 271:’ ( )

thus identifying the instanton action, the characteristic exponent, and the loop
expansion around the one-instanton configuration. In fact, it is rather interesting
to observe that in this situation the loop expansion around each ¢-instanton sector
is finite. This is quite unusual; typically the /-instanton loop expansion is itself
asymptotic, with its large-order behavior being controlled by the (¢ + 1)-instanton
configuration. What we observe is that in this case only the zero-instanton sector
displays non-trivial large-order behavior. Now, with the identifications (#.12) the

large-order equation (2.11)) implies

2¢—1)(2g—-3)!
o~

(4.13)
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Checking the expected large-order behavior in this case is straightforward, as one
simply needs to use the standard relation

2(2g)!C(2g):2(2g)!

Bael = 2

(1 +e28l0g2 4 p2glog3 ) (4.14)

in the asymptotic series and the above (4.13) immediately follows; expo-
nentially suppressed contributions in (4.14) are not contributing to the large order
of the zero-instanton sector. If one is instead interested in the large-order behavior
of the Gaussian matrix model, one essentially just needs to use the analytically
continued instanton action A = 2xit and everything else follows in a similar fash-
ion.

4.2 The Penner Matrix Model

Having worked out the Borel analysis of the free energy in the Gaussian matrix
model, which essentially reduces to the Borel analysis of the logarithm of the
Barnes function G»(z), we have all we need in order to write down the nonper-
turbative part of the free energy of the Penner model (3.3I). In fact the whole
procedure is essentially the same as before and we shall leave most calculations
to the reader. The Borel transform is now

7z _+mﬁ 22 _t+2) 1 ! 1 1
@[‘%P](g)*‘g;@g—ﬂ!gg 3 +4sinh2(§) 4sinh2<ﬁ).

(4.15)

It should be simple to spot the similarities to the Gaussian case, as the free energy
of the Penner model may be written in terms of Barnes functions as in (3.28).
As such, the total discontinuity (for g; — igs) is now given by the sum of the

discontinuities of log G, (%1 + 1) and log G, (8% + 1), which yields

Disc %(gs)

i 2m(t+1) g\ e 2 /2m g\ _2m
= — —_— —_— 8s — J— _ s .
2mgy [Z< n +”2>e mZ’1(m+m2>e

n=1
(4.16)

This is quite simple to obtain by following a procedure identical to what we used
in the Gaussian case, but starting from the above Penner Borel-transform. Notice
that in this case we have two sets of nonperturbative contributions, with instanton
actions 27 (r + 1) and 27, respectively. The large-order behavior of the theory is
controlled, as usual, by the closest pole to the origin in the Borel plane. For t > 0
the relevant pole is located at 27; however, close to criticality + — —1, the first
instanton tower in (@.16)) is the relevant one.
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4.3 The Chern—-Simons Matrix Model and the Resolved Conifold

We may now turn to the Chern—Simons matrix model, holographically describ-
ing topological strings on the resolved conifold. The genus expansion of its free
energy (3.46), is asymptotic, and in here we wish to analyze this divergent series
from the viewpoint of Borel analysis, as we did earlier with both the Gaussian and
the Penner matrix models.

Let us start with the Chern—Simons genus expansion (3.46) where, for the
moment, we drop the constant map contribution and focus on genus g > 2. This
will allow us to better understand the divergence of the series arising from the
term with both a Bernoulli number and a polylogarithm function contributions.
One has in this casd™]

Fes(gs) Z g2 872)’ Liz_o (e_t)

1
Zgzg 2 2g ) Y 4.17)

e (¢ + 2mim) 7

where we have used an integral representation of the polylogarithm in terms of a
Hankel contour, re-written as a sum over residues (74)), to express

. _ 1
Liz 5 (e") =T (28—-2) Y}, w2 822 (4.18)

mez (t +27T.'lm>

Now, since the Bernoulli numbers grow as By, ~ (2g)! and the polylogarithm
functions behave, in worse growth scenario)'*|as lim; o Liz 2 (¢™") ~ I" (2g — 2) 12728,
this series is asymptotic and, like in Gaussian and Penner models, its coefficients

grow factorially as (2g — 3)!. In this case one is led to the Borel transform

— Y 8\ g2
Ps)(8) = L o3 = L o &

L= (1 +2mim) %2

§2g72

N2
_ Z _i+(t+2mm) 1 1 @19

12 2 4 12 &
meZ é: sinh (m)

This function has no poles in the positive real axis, for real argument. This is
expected since we started off with an alternating sign expansion and, in this case,

14 Notice that the m = 0 contribution, in the sum in the second expression, equals

~ B g— Lo . ..
;:2 W% (gt—“)z’s 2, which is of course the Gaussian free energy at genus g > 2. This is
a consequence of working with a Chern—Simons free energy which is not normalized against
the Gaussian free energy; see Sect.

15 At large ¢ the polylogarithm’s growth is not factorial in genus, as one has

limge; . +oo Li3,2g (87[) =0.
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we may define the free energy via the inverse Borel transform

= ds
Fes(gs) —**Z/ >

mez

N
X ! - (2 + me)) 12 + ! e’ (4.20)
sinh? ( 8 s) 8s 5= 3

2(t+2mim)

This provides an unambiguous nonperturbative completion for the asymptotic
expansion of the free energy in the Chern—Simons model. Interestingly enough,
and like in previous examples, for each distinct m a trivial change of variables
turns the corresponding expression into the one-loop effective Lagrangian for a
charged scalar particle in a constant self-dual electromagnetic field (of magnetic
type) introduced in Sect.2.2] the sum over all integer m thus corresponding to
a sum over an infinite number of Lagrangians of this type. If we further report
to the discussion in Sect.2.4] we see that our Borel resummation is essentially
(up to analytic continuation, as we move between alternating and non-alternating
perturbative series) equal to the GV integral representation of the free energy of
topological strings on the resolved conifold.

Let us thus consider the case of the resolved conifold in greater detail, which is
obtained by the simple analytic continuation g; — igs, and corresponds to the elec-
tric version of the above result. In this case the free energy perturbative series is
non-alternating and the Borel transform has poles on the positive real axis, making
the reconstruction of the free energy possibly affected by nonperturbative ambi-
guities, which we may, however, understand in the computation of the imaginary
part of the integral,

tdo 1 1\ _20+2mim)
conlf gs - Z / ( — 5 ) e 8s G_ (421)
4 =~ sinc 02 3

Moreover, since ( agrees after a simple change of variables, with the GV
integral representatlon , at least for genus g > 2, we have a physwal inter-
pretation for the nonperturbatlve terms we find: as observed earlier, in Sect.[2.4]
the imaginary part of the integral will compute the BPS pair-production rate in the
presence of a constant self-dual graviphoton background.

The imaginary part of the integral may be computed by the use of the
unitarity -+i€ prescription, yielding a sum over residues of the integrand. Equiva-
lently it equals one-half of the integral over the whole real axis (the imaginary part
is symmetric), which may be computed by closing the contour on the upper half
of the complex plane, thus enclosing the poles of the hyperbolic sine; see Fig.[8]
It follows

Im ﬁconif(gs)

do 1/ 1 11\ _2esmim)
IE T (ke
n=1mezZ mi 6 \sin“c ©° 3

27 (t+27mim) g 27 (t+2mim) n
= 47rg3 Z Z <+nz> exp <_ ) 4.22)

n=1me7, 8s
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One observes without surprise that this formula matches (an infinite sum of) the
Schwinger result in a self-dual background. The discontinuity of the free energy
across its branch cut is thus given by the instanton expansion

i 2m(t+ 27r1m) g5\ _2ml2mimn
Disc Fcomf gs = < +22 e Zs
27rg5 nZl "gz l’lz
= Fl! )(gAv)+F(2>(g‘v)+~-~- 4.23)
Making use of

2 2
Y exp <—2717im n ) Y s ( n —k) (4.24)
meZ 8s keZ, 8s
this discontinuity may also be written as

i

Disc Eonif(gs) = — =
2785 1= iy,

X{(zm+g;>5(2imk>+g2 I 5(21"’k>] R @)
n n 8s n ag.& 8s

As we did in the previous cases, we may now use the Cauchy formula to relate
this instanton series to the perturbative expansion of the resolved conifold’s free
energies. Once again, the integral over the contour at infinity in has no con-
tribution (see “Appendix’), and the dispersion relation thus reads, successively,

gm0 dz K 2mtn 27n
comf / — 1+ ) S ( - k)
nzlkezzmzo (27n)? J—eo 21 VZ vz

wigro (TE )|

S S 2@m i g ()
0 (2nn)2m+2 k1—2m

+
8
+

’; k=1m=
= 2(2 1)
_ —2g 2 g 2 Ll —t
= — >, 3-2g (€
La S gt )
+oo B |
_ =2g—2 | 2g : —t
= I ——=——Liz o, (e ). (4.26)
= s 2g(2g_2)' g( )
where we made use of
o0

dxf Z

(4.27)
- Ig

with x; the real simple roots of g(x); of the definition of the polylogarithm of index
p

+oo _n

Li,(z) = (4.28)

—;
=11
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Fig. 8 Poles in the complex Borel plane, for the case of the resolved conifold free energy. The
poles in red coincide with the spurious ¢ = 1 string contribution, arising from the Gaussian
normalization (color figure online)

and the definition of the Riemann zeta function alongside with its relation to the
Bernoulli numbers. This result shows that the instanton expansion (4.23) indeed
has enough information to completely rebuild the full free energy perturbative
expansion for topological strings on the resolved conifold, at genus g > 2 (at genus
0 and 1 one still needs to take into consideration the relation between Chern—
Simons and Stieltjes—Wigert perturbative free energies, and additional regulariza-
tions may be needed as, e.g., in the Gaussian case).

One may further show that, in particular, the closest pole to the origin in the
Borel complex plane controls the large-order behavior of perturbation theory, cor-
responding to the familiar one-instanton contribution. A glance at Fig.[§| makes it
clear that the closest pole to the origin corresponds to the one-instanton contribu-
tion of the ¢ = 1 string. This, of course, is due to the fact that the Chern—Simons
free energy in is not normalized by the Gaussian free energy. This is easily
corrected by considering, in the following, the normalized free energy

ﬁconif(gs) = Fconif(gx) —Fe=1 (gv) (4~29)

This will guarantee that our large-order tests will precisely look at the true “resolved
conifold contribution”, without being plagued by ghost effects due to the Gaussian
measure. In this normalized case, and as is simple to check by looking at Fig.[§]
again, we have two complex conjugate poles equally distant from the origin, at
& =2m(r+2mi) /g;, and we have to consider the contributions from them both.
Let us consider the first terms in the instanton expansion

gs _ 2m(t+2mim)
e

FO(g) = —— Y <t+2nim+2” &, (4.30)

8s me{+1}

and thus define, following Sect.[2.1]

. 2
Ay =21 (t+2mi) = Ar = |Ale™™® =27/12 +4n2exp <iiarctan t) ,

(4.31)
i 2
Fl(i) =1+27 = Fl(jg = \F1(1>|ei’9‘” = \/mexp <:tiarctan f) )
(4.32)
m_ 1
F'=— b=-1. 4.
Yy =5 (4.33)

Again, as in the previous examples, the loop expansion around each ¢-instanton
sector is finite. Thus, also for the resolved conifold only the zero-instanton sector
displays non-trivial large-order behavior. In particular, the large-order equation

(2.11) implies
reg—1

1
7(0) ~ 2 |As 2 (H 2g—2> cos(28=2)00)- 9
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Fig. 9 Test of large-order behavior for the resolved conifold. The plots represent the test ratio

R, (1), in red, versus the expected behavior cos ((2g72) arctan 2,—”) in blue, as a function of
genus g, and for r = 20,40, 60, 80, from left top to right bottom, respectively. The matching at
high genera is evident (color figure online)

The check of this behavior is now harder than before, and we shall need to perform
numerical tests to confirm its validity. In this sense, one constructs the test ratio

T |AP7! 2 1
R, % =cos ((2g2) arctanﬂ) <1 +0 (>>, (4.35)
2RV r(g-1) ! g

where equality holds at large g due to (4.34). In Fig.[9] we can see that numerical
analysis undoubtedly confirms our prediction.

The analysis so far has focused only on the contribution to the resolved coni-
fold free energy arising from the D2D0 bound states of branes. As is clear in
(3:46)), to this term one must still add the contribution from bound states of DO-
branes, i.e., the contribution of constant maps. As it turns out, in this case the
discontinuity is obtained from by simply setting + = 0 in that expression,
ie.,

gsn 1meZ

an2imn (436)

e =R)@) +R) @)+

A procedure that should be familiar by now yields back the perturbative expansion
(2.38) or (3.46) via the Cauchy formula and an integration of the above disconti-
nuity over the free energy branch cut:

ﬁK(gS) 2
4o Om 0 n n
LR L [ ) v ()

Ho0 foo teo 5 (5, 52m
_y Yy y Gmrbet | z 262228~ 1) 1 0011 (3_n)

2m+2 - 2
n=1k=1m=0 (27‘[;,/1) m+ fl—2m (275) ¢

Z ~2g—2 )gB2gB2g—
2g (2g—-2)(2¢—2)V

(4.37)

where we have used familiar properties of the zeta function and Bernoulli num-
bers, including

(=D)"

()=

Byi1. (4.38)

The last thing we want to show is that, as expected, it is the closest pole to
the origin in the Borel complex plane that controls the large-order behavior of the
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theory. Repeating our earlier discussion we find the one-instanton contribution

| o 72im

F(g,) = _L Y <2m’m+ gs> e R , (4.39)

85 me {1} 2

leading to
AL =44n%i, b=—1,
4.40)
(1) Coam 1 (
1+ T, o

In this case the large-order equation (2.T1)) yields

FO@ = LD <1+ ! ):(—1)g116”2(2g—3)z(2g—1>.

2 (4m2i)% 72 2¢ -2 (2m)*
(4.41)
To check that this is the right answer all one has to do is to use
(—=1)¥Bag Bag—2
1672
= (—1)$H 4 (26)! (2 —2)1£(2) £(2¢ - 2)
(27)
167
= (1) 22 0g)1(2g-2)! (1 200081082 | 4 ~4lor2 .. ) .
(2m)™
(4.42)

Notice that the above exponentially suppressed contributions do not contribute to
the large order of the zero-instanton sector.

5 Stokes Phenomena and Instantons from Hyperasymptotics

Having understood the Borel analysis of topological strings and ¢ = 1 matrix mod-
els, benefiting in this course of the identification of instanton effects in these mod-
els, we shall now make a brief detour into the realm of hyperasymptotics, as first
introduced in (75)) (see, e.g., (76) for a review), i.e., a series of techniques to refine
optimally truncated asymptotic expansions by the inclusion of exponentially small
contributions. In particular, our focus will concern hyperasymptotic approxima-
tions for integrals with saddles (77; [78), the prototypical example for problems
dealing with the calculation of partition functions or free energies. In this case,
the exponentially suppressed contributions arise from saddles other than the one
chosen in the steepest—descent asymptotic approximation. The main interest of
this analysis for the present work is that the Stokes phenomenon—certain “dis-
continuities” which we shall explain below and later relate to instanton effects—is
automatically incorporated into the hyperasymptotic scheme.

Suppose one wants to use the method of steepest descents in order to find an
asymptotic expansion, as |k| — oo with k = |k]|e'?, of the 1D “partition function”

Z(Kk) = Ldze"‘w(z), (5.1)
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where ¥ is a contour we specify below. A typical calculation goes as follows: one
begins with the calculation of the saddle points of the “potential function” W (z),
computed as the set of points {zj }x—12,. such that W’(z;) = 0; then, chosen a
reference saddle-point z,,, the contour of integration % is deformed to the infinite
oriented path of steepest descent through z,,, which we shall denote by %,(6). This
contour is defined as

Im [k (W (z) —W(z,))] =0 (5.2)

and with x (W(z) —W(z,)) increasing away from z,. This immediately implies
that the phase of W (z) — W (z,) must equal —6 +27m, m € Z. We then introduce
the “partition function” Z, (k) evaluated on the nth saddle

1
=—e
VK

Z(k) = Vk o dze ¥W(@)-W(z)) (5.4)

Zu(K) KW@ 4, (%), (5.3)

As we shall see, Z,(x) will display Stokes phenomena in the form of a disconti-
nuity associated to a jump in the steepest—descent path whenever it passes through
one of the other saddles, k # n. The integral can be evaluated via the steepest—
descent method and one obtains a function of k for each saddle, n, given by a series
in negative powers of K

O G(n)
%’(")”g;?’ (5.5)
with (see (77} [78) for details)
1 dz 1
Ge(n) =F(g+> — . (5.6)
’ 2) Jau 27y (2) — W (z,))% 2

The series in (5.3) is asymptotic. The point of view of (77) is to understand this
divergence as a consequence of the existence of other saddles {z,}, through
which %, does not pass. Because one is free to choose the reference saddle n at
will, all possible asymptotic series are thus related by a requirement of mutual
consistency, also known as the principle of resurgence: each divergent series will
contain, in its late terms, and albeit in coded form due to their divergent nature, all
the terms associated with the asymptotic series from all other saddles.

Another important point concerning the asymptotic series (5.3)) dwells with
the fact that this expression only holds in a wedge of the complex k-plane, i.e.,
for a restricted range of 8, a property which is associated to Stokes phenomena.
Suppose that in the above set-up, and once (5.5) has been computed, we start
varying 6 in such a way that we always choose the contour of integration to be the
steepest—descent through the saddle z,. As it turns out, this is a continuous process
only for a finite range of 0: indeed, one faces a discontinuity if 6 reaches a value
such that the contour of integration passes through a second saddle, z,,. This will
happen when 0 reaches the value —o,,,,, with

— Oy = —arg(W(zm) —W(zn)). 5.7
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Fig. 10 On the left, the complex K plane, showing a region — 0y, < 8 < —Oym,. On the right,
the equivalent region in z space, with saddle z,, adjacent saddles z,,, and z,,,, and respective
steepest—descent contours through z, (red) hitting the adjacent saddles. In blue, we plot the
adjacent contours (color figure online)

For this value of 6 the steepest—descent contour will change discontinuously and
exponentially suppressed contributions to (5.4) will “suddenly” become of order
one. In this case, and in order for the steepest—descent contour to go through a
single saddle, one must restrict 8 to an interval — Gy, < 8 < —Opy,, Where z,,,
and z,,, are saddles adjacent to z,, i.e., saddles which may be reached from z,
through steepest—descent pathsE] This is illustrated in Fig. One of the goals of
hyperasymptotics (73) is to deploy resurgence in order to better understand Stokes
phenomena, and this is the aspect we shall be mostly interested in.

Let us make these ideas more precise. In hyperasymptotics one begins with
(optimal) truncation of the asymptotic series (5.5). In this case,

N—1
Z0) = ¥ 4 20 58)
g=0

where %’,SN) (x) is the remainder associated to the finite truncation. The main con-
tribution of the hyperasymptotic calculation in (77)) was to produce an expression
for the reminder which led to an exact resurgence formula for (5.5)), and we shall
now present these results. Let us first define the singulant, for every adjacent sad-
dle z,,, as

Wom = W(Zm) _W(Zn) = |an‘ eiﬁnm' (5.9

In this case the remainder term (see (775 [/8)) for details) can be expressed as a sum
over integrals through all adjacent saddles to z,,, {z; }:

—ionm N*l

(V) Wm
Ry () = PT KNZ/ e 2, (n), (5.10)

K

where the 27,(n) are defined on the adjacent contours %,(—0p,). There are
several interesting points to this formula. First, it provides an exact and explicit
expression for the reminder and one now explicitly sees that the divergence of the
asymptotic series (5.5) is directly related to the existence of adjacent saddles. Sec-
ond, inserting the above expression back in (5.8), one obtains the exact resurgence
formula

%0 =Y 20 Z/w T e ), s
e 27‘61 K 1-1 n ’

8
g=0 K K

16 A saddle z,, is said to be adjacent to the saddle z,, iff there is a path of steepest descent from
2y tO Zyy, 1.€., Zp, Will be adjacent to z, whenever 8 = —o,,, and thus arg (W (z) — W (z,)) = Oum
(naturally this is also the condition that defines the Stokes lines for 2, (k)). One similarly defines
the adjacent contour through the adjacent saddle as the steepest—descent contour &, (—Gum ),
through z,,,.
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which is the basis for the hyperasymptotic analysis of (77): indeed, each Z;,(n) in
the above integrands may itself be expanded as an asymptotic series leading, via
iterations of the above formula, to exponentially improved asymptotic results for
the original 27 (x) (in the sense that the error associated to the approximation is
reduced from polynomially small to exponentially smal. Third, as the resurgent
formula holds for any N, one may write it down for N = 0, obtaining either the
resurgent expression (78J)

1 °<’~€7io-"’" e*n%m
Zi0=3=% [ anS—r Zu() (5.12)

K

which leads to interesting functional relations in selected examples; or the (formal)
resurgent relation (77))

| i (g—h—1)!
. —F (p(m), (5.13)
i s Slm)

which expresses the late terms (g > 1) of the asymptotic series at a given saddle as
a sum over the early terms of the corresponding asymptotic series at the adjacent
saddles. In particular, the leading contribution arises from the adjacent saddle m*
with smallest singulant, i.e., to leading order one obtains

(g—1!
7/&’

nm*

Ce(n) ~ Go(m"), (5.14)

which makes manifest the characteristic factorial behavior of asymptotic series.
Fourth, and finally, the resurgence formula (5.11) precisely incorporates Stokes
phenomenon (777)); the appearance of suppressed exponential terms as the steepest—
descent contour %, (0) sweeps through one of the adjacent saddles, m (see Fig. .
This, as we mentioned, will happen as 6 crosses the Stokes line 6,(—0p,), in
which case the asymptotic expansion (5.5)) will have a discontinuity

A g;,(x)] =z, (| K| ef(—Gnm+0*)) _ (|;<| e"(-ffmo’)) £0.  (5.15)

=—Onm

It is not too hard to compute the precise value of this discontinuity straight from
the resurgence formula for the remainder (5.11)). One obtains, without surprise,
1 dn 1
A2 (k ’ = - N—le—ﬂ%mg
n(K) 0o KN )27 n_KTI m(1)

= e m g (x), (5.16)

where, naturally, any further asymptotic expansion on the adjacent saddle, i.e., for
Zn(K), is to be evaluated precisely along the Stokes line & = —0,,,,. This discon-
tinuity is exponentially small as, on the Stokes line, K, is real and positive.
The Stokes discontinuity is particularly relevant to us as we later wish to iden-
tify it with instanton effects and, as such, we shall dwell upon it later in this sec-
tion. An important thing to notice is that this is actually not a discontinuity of

17" For a recent discussion in the field theoretic context see (79).
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Fig. 11 Crossing the Stokes line, between the saddle z, and the adjacent saddle z,,

the function Z(x) but rather a discontinuity of the asymptotic approximation to
Z(x). A trivial example is the function sinh%. In the right half-plane Rez > 0

its asymptotic behavior as z — 0T is well described by %exp (%), with the error
being exponentially suppressed. However, should we try to rotate this asymptotic
approximation to the left half-plane Rez < 0, it would no longer be valid as the
subdominant error f% exp (f%) will no longer be small! This is clearly a discon-
tinuity of the asymptotic approximation we chose, and not of the function itself.
We shall next see how to apply this formalism within the case of the Gamma
function, which will later lead to a hyperasymptotic understanding of the free
energies in the Gaussian and Penner matrix models. In particular, we shall build
up our analysis in order to see how to obtain the multiple instanton sectors of these

models straight out of the above resurgence formulae.

5.1 Stokes Phenomena in the Gamma Function

Consider the “Gamma partition-function”

Zr(x) =T (x). (5.17)
One usually defines the Gamma function via Euler’s integral (80)
+oo
I'(x)= dww* le™  Re(x) >0, (5.18)
Jo

where the contour of integration is the positive real axis. The logarithm of the
Gamma function, the “Gamma free-energy”, has a well-known representation (80))

1 1
Fr(x)=logl' (k) = <K— 2> logx — K+ Elog27r+Q(K), (5.19)

where Q(x) is meromorphic with simple poles at kK = —n, n € Nj. One then
obtains asymptotic expansions for the Gamma function by first obtaining asymp-
totic expansions for the function (k). One such familiar case is the Stirling
series, which is the Poincaré asymptotic expansion

Q(K) ~ f Bag 2171, (5.20)
2828 1) k%8

valid as | k| — oo, in the sector | arg(x)| < 7. Our goal in the following is to obtain
an exponentially improved version of this asymptotic expansion, in the spirit of
our previous discussion on hyperasymptotics and Stokes phenomena, along the
guidelines in (80; [81).

Let us begin with the “Gamma partition-function”, applying the hyperasymp-
totic analysis in the preceding section as in (81). One first changes variables as
w = Kk ¢° and then re-writes Euler’s integral as

~+oo
I'(k) =k~ dze W@, (5.21)

—o0
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where W (z) = €% — z. The saddle points of this function are z; = 27ik, for k €
Z, with W(z;) = 1 — 2mik. We may now apply the machinery we previously
described, with the nuance that one now has an infinite number of saddles. We
first select the reference saddle zop = 0 and define

Io(x TR e "%( K), (5.22)

W(z)—1)
— /27: /CO . Re(k) >0, (5.23)

with log ¥ (k) = Q(x). It is not too hard (81) to identify all saddles {z, }uz0 as
adjacent saddles to zo: the singulants are now

Wom = —2mim = 27 |m|exp (i(fl)%“*sgn("’)) g) (5.24)
and the steepest—descent contour from zq to each gz, is that for which 8 = —oy,,,
ie.,

T

arg (e —z—1) = (—1)%““%“('"))5. (5.25)
As such, for m > 0 the Stokes line is at = 7 and for m < 0 the Stokes line is
at § = —7, so that the imaginary axis is a Stokes line for the Gamma function.
Parametrizing z = x + iy, this contour may also be written as cosy = (I+x)e ™
with e™ < m if m < 0 and greater than if m > 0 (see Fig.|[12). As such, the

remainder ass001ated to the finite truncation of the asymptotic series for % (k)
follows from (5.11)) as

(N) _ I ¥ /Hoo anl 2minm
2700 = gz L{ [ o =g i)
0 N—1

n
— dn 4
N

—joo

e~ 2minm y_m(n)} , (5.26)

x

where one should recall that the ¥,(n) are to be evaluated over the adjacent
steepest—descent contours %,,(— 0o ), €.g., for m > 0,

— /X / dze MWE-Wn)), (5.27)
27r 111 %

In this integral, consider the shift w = z—2mim, where we move the contour down-
wards in the complex z-plane by 27im. It is simple to see that the shifted contour
Gm (%) will now go through zg rather than z,, and the integral becomes

nww)—1) _
’/27:/ e — %(n). (5.28)
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Fig. 12 Paths of steepest descent for the Gamma function, in the (x,y) plane, starting at zo = 0

The exact same reasoning applies if m < 0, in which case one just shifts the adja-
cent contours upwards. Thus

oo N-1
| ang emmmagym)
1o

A

e mnm %(n)} . (5.29)

One may now address Stokes phenomena for the “Gamma partition- function”
and simply confirm that indeed the imaginary axis in the complex K-plane is a
Stokes line for %(k): as k becomes purely imaginary, one of the two integrals
above will have a pole. As we have seen before, this leads to the discontinuities

1
1— eIZm’K

g .
A%(K)]HE =+ ) 2 () = ¢ (k). (5.30)

2 m=1

Notice that the discontinuities are evaluated on the Stokes lines, ¥ = +i|k|, and
are thus always exponentially suppressed. We will interpret these terms as non-
perturbative “instanton” contributions to the “Gamma partition- function”.

As we turn to the “Gamma free-energy”, the same nonperturbative corrections
can be obtained very easily from the reflection formula

T
r«r(-x)=———-. (5.31)
Ksin Tk

Indeed, one may now obtain the final result from a two line calculation (82)).
The idea is to directly find the (exponentially) improved version of the asymp-
totic expansion ((5.20), in the sector % < 0 < m, and which we name Q. (k).
Upon the analytic continuation —k = e "k to the sector % < 0 < m, where
—% <arg(—x) <0, one may use the expansion (5.19) for I'(—x) in (5.31) to
obtain, upon taking the logarithm of (5.31)),

Q1 (k) = Q(x) —log (1 —e*™¥), (5.32)

where the plus subscript refers to the sector past 4-7. In the sector -7 < 6 < —%

one still obtains the above expression , but with ¢2™* replaced by e~ %X
instead (and the plus subscript naturally gets replaced by a minus subscript). Thus,
in both sectors the corrections to the expansion (5.19) are always exponentially
suppressed, with the discontinuity across the Stokes lines 8 = &7 given by

oo e:l:Zn'iK‘m

AQ(x) = —log (1 — ™) =

5.33
ois : (5.33)

g

1 m

which is, as expected, essentially related to the logarithm of the Stokes discontinu-
ity for the “Gamma partition-function”, (5.30). It is rather tempting to understand

these terms as instanton contributions, with “instanton action” Sf:g =W(zm) —
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W (z0) = #om = —2mim. For this identification to be valid, one expects that the
instanton(s) with least action, S =27 and SV = —2ri, will yield the leading
contributions controlling the large-order behavior of the perturbative expansion
(5.20), as we have discussed before in Sect.[2.1] Setting as usual

1 iy B>
—00) A Y k200 0= T2 (5.34)
2 (x) g; ¢ T 2g(2¢-1)
and
1 oa b kAN (1)
EQ( k)~ ikl e ™Y k8 QY (5.35)
g=0
the standard large-order analysis yields
(1)
0 T'Q@e+b) [, £ A
and, consequently,
Po L
e s (1) (5.37)
4g2 .Qéo) A2 I4

(0)

From the exact expression for the ¢ coefficients it immediately follows

o By 2 1 ! !
e By <1+ﬁ<2)>—2+ﬁ(>, (5.38)
420 487 By, 8 g (27) g

so that A = £27i just as expected from the instanton analysis. Thus, we see that
indeed the one-instanton contributions control the large-order behavior of the per-
turbation theory, supporting the important identification of Stokes discontinuities
with instanton contributions.

An interesting property of our instanton actions is that S = mS(M so that
the action of the mth one-instanton equals the mth multi-instanton action. In this
case, one could interpret the result (5.33)) as being exact, in the sense of including
all multi-instanton corrections, and to all loop orders. For this identification to be
valid, one expects to fully reconstruct the perturbative coefficients of the “Gamma
free-energy” out of its complete multi-instanton series, as in (see, e.g., (13))

ol = [Tazenrane)

27 ) e

— (_;3:+1 f l </+w dxx2g—2 e—27tmx_|_/0 dxeg—2 eZﬂfmx) )
0 —oo

m=1 m
(5.39)
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This is actually just one of the few examples on resurgent relations we have
obtained in our earlier hyperasymptotic discussion. It is simple to see that the pre-
cise result is obtained, in full accordance with our multi-instanton expectations:

0 _ 2(-1)F(2g—2)1 =
Q) = T m; — (5.40)

where one just needs to use the representation of even Bernoulli numbers in terms
of the zeta function, that we have used several times before, in order to check the
result.

We have thus seen very clearly, at the familiar free-energy level, that the con-
tributions arising from the Stokes line discontinuities are precisely the usual non-
perturbative instanton contributions. The exact matching within the matrix model
examples we consider in this work will be made complete in the next section.

5.2 Instantons as Stokes Phenomena in Matrix Models

In the previous section, we have identified the Stokes discontinuities of the Gamma
function with instanton effects of the corresponding 1D integral, defining either a
partition function or a free energy. We shall now see how this analysis carries
through to the matrix models we are interested in. Let us start by considering the
Gaussian and Penner matrix models, and how their instantonic sectors follow from
a Stokes analysis of the corresponding free energies.

As computed at an earlier stage, the exact free energy for the Gaussian matrix
model is given by

1 1
Fg= §N2loggs — 5N10g27 +log Go (N +1), (5.41)
and the exact free energy for the Penner matrix model (normalized against the
Gaussian measure) is

N 1 1
Fp = —loggs+ ~N? loggs — =Nlog2m
gs 2 2

1 1
+1ogG, <N++1> —1ogG» <+1>. (5.42)
8s

8s

It is rather evident from these expressions that both cases have their asymptotic
expansions associated to Poincaré asymptotic expansions of the Barnes function.
As such, the instanton sectors of these two matrix models will be dictated by the
Stokes structure of the logarithm of the Barnes function. But due to the integral
representation (73)

1 1 N
logGr(N+1) = ENlogZﬂ—EN(N—1)+NlogF(N)—/0 dnlogI'(n)
(5.43)
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the Stokes structure of the Barnes free-energy is given in terms of the Stokes
structure of the Gamma free-energy, which we have previously analyzed in greater
detail. In particular,

N
AlogG(N+1)| :NAQ(N)‘%H—/O dnAQ(n)’HE
. ur _

0=+73 %

= /N 1 < in
=Y <mq:2mmz> eisz’”:Fﬁ. (5.44)
m=1

At the Stokes lines N = £i|N| and the discontinuities are exponentially suppressed
as expected. It immediately follows[l;g]

i O <2m g§,> _2mm
AFg=—— L P (5.45)
7 g, mgl m  m?

and

. 400 —
A T i Z(zﬂ(H_l)-l-gS)

27z, = m m?
_2x(t+)m i e on 3 _2am
xe & —— ) <+gs2)e g . (5.46)
21gs =\m m

These results, where we have used t = g;N and restricted to the Stokes line at
6 = +7. and upon the identification of the A discontinuity with —Disc, precisely
match our results for the full instanton sector of both Gaussian and Penner matrix
models, obtained earlier in SectE] via Borel summation (or to be later analyzed
via the use of trans-series methods). We have not addressed the case of the Chern—
Simons matrix model, as its free energy is given by the logarithm of the quantum
Barnes function, for which we do not know of any appropriate hyperasymptotic
framework which would allow for a derivation of its Stokes discontinuities. How-
ever, we believe it should be possible to study the hyperasymptotics of the quan-
tum Barnes function in a similar fashion to the one above (see also (83)).

Some interesting lessons may be drawn from our Stokes analysis. Because
the appearance of the nonperturbative ambiguity of the matrix models’ free ener-
gies is related to Stokes phenomena, intimately associated to discontinuities of the
asymptotic approximation, we see that this nonperturbative ambiguity is in fact
an artifact of the semiclassical, large N analysis. Clearly, the exact free energies,
(5.41) and (5.42), are given by the logarithm of entire functions in the complex
plane, with no discontinuities. The Stokes lines, and thus the instanton corrections,
appear only at the very moment we select a particular saddle and semiclassically
evaluate the partition functions or free energies. On the other hand, it is also clear

18 Notice that the factor {5 is a genus one artifact and we drop it in the following. Indeed, when
computing the Borel transform of the Gaussian free energy (equivalently, of the logarithm of the
Barnes function), we start the sum at genus g = 2 in order to avoid the problematic logarithmic
terms at genus zero and one, which do not contribute to the large-order behavior in any case. If
one were to—incorrectly—start the sum at genus g = 1, while still making use of the Bernoulli
expression in order to compute this genus g = 1 term in the sum, one would precisely find

this spurious 5 contribution.
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that it is just in this semiclassical limit that the notion of target space in the holo-
graphically dual theory emerges. For instance, we have seen in an earlier section
that, in the ¢ = 1 case, the geometry of the target space arises from the matrix
model spectral curve, which gets identified with the derivative of the FZZT disk
partition function. Even more manifestly, in the case of the Chern—Simons matrix
model the spectral curve of the matrix model coincides with the mirror curve of the
mirror CY to the resolved conifold. One is led to conclude that if one is to consider
the exact free energies, and (5.42), as the nonperturbative definitions of the
holographically dual models, then it appears the “exact quantum” target spaces
are very different from the semiclassical ones; basically at the nonperturbative
level the notion of target space as a smooth geometry is lost. Interestingly enough,
this discrepancy between “semiclassical” and “exact quantum” target spaces has
also been advocated in (84), focusing on the example of non-critical strings with
¢ < 1. In particular, Stokes phenomena was also identified therein as a source of
instanton corrections.

As we shall review in the upcoming Sect. in the context of matrix models
the nonperturbative partition function is obtained by summing over all saddles of
the matrix integral. In particular, it is the averaging over all possible semiclassi-
cal geometries that leads to the background independence of the nonperturbative
partition function, as described in (19;85).

5.3 Smoothing the Nonperturbative Ambiguity

As we have explained, the Stokes discontinuities are discontinuities of the asymp-
totic expansions and not of the functions under approximation, and we have made
this clear in some examples. It so happens that in most cases one does not know
the function we wish to approximate and, as such, one needs to devise methods to
smooth the Stokes discontinuity (86). The need for the smoothing should be clear:
it maintains the validity of the asymptotic expansions even as we cross the Stokes
lines. This is what we shall describe now: the universal smoothing proposed in
(86), given by an uniform approximation involving the error function, and uni-
versally describing Stokes phenomena, which naturally makes the strength of the
subdominant contribution grow smoothly from O to 1 across the Stokes line (upon
where it equals %).

The idea goes as follows. Hoping to maintain the validity of our asymptotic
expansions as we cross Stokes lines, let us write these as

iy Cg(”) .
%(K)Ng) p +I;Sm(K)A Z(x) oo (5.47)

where we have implicitly included the remainder associated to optimal truncation
within the infinite sum, and where we have introduced the Stokes multiplier func-
tion S,,(x) weighting the subdominant exponentials and which will smooth the
transitions across the Stokes lines. The true power of the Stokes multiplier func-
tion arises from the fact that, if the appropriate variables are chosen to cross the
Stokes lines, then this function is universal, within a wide class of problems

19" But see (87) for a counter example.
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This appropriate “universal” variable involves the singulant %, specifying con-
tours through adjacent saddles, i.e., specifying the location of the Stokes lines.
The Stokes multiplier function may thus be written as (86))

1
Sm(x) = i(l—l—erf(s,,m(lc))), (5.48)
with erf(x) the error function and where we defined the Stokes variable
I W
Sum(K) = M (5.49)

 V2Re (KW pm)

Observe that this is not a solution to the nonperturbative ambiguity problem as
there is a choice of a real constant implicit in this result: the choice that before
the Stokes line the exponentially suppressed contributions actually vanish. This is
of course related to a choice of integration contour in the inverse Borel transform
used in the calculation of the Stokes multiplier (86). What the Stokes multiplier
function does is to reduce the nonperturbative ambiguity to the choice of the real
constant describing the intensity of the exponentially suppressed terms before the
Stokes line, describing the crossing in an universal fashion. For a recent discussion
of the nonperturbative ambiguity and choice of inverse Borel transform, within the
matrix model context, see (14).
For the “Gamma partition-function” with singulant k%#;,, = —2mikm, the Stokes

variable becomes

Im (—2mixm) cos 0

Som(K) = = —/7|k||m
om(¥) /2Re (—2mixm) el g

and the smoothing becomes implemented by the Stokes multiplier

1 cos @
S K)= < 1—|—erf(—\/7'c K|m >>, (5.51)
where we have explicitly written the case where one crosses the upper imaginary

axis. Notice that in the immediate vicinity of the Stokes line one has — <28 —
V/sin®

(9 — %) + -+, simplifying the argument of the error function in that region. At the
level of the “Gamma free-energy”’, completely analogous to the partition function
analysis as the singulants are precisely the same, this result was interpreted in (82)
as a distinct—but universal—Stokes smoothing for each mth small exponential.
One may, in this light, separately understand the appearance of each exponential.

For both Gaussian and Penner models, the discontinuity’s singulants are the
same as for the Gamma function and, akin to the previous discussion, one is in the
presence of infinitely many smoothings (82) with Stokes multipliers

Spoo(N) = % (1 +erf((e - g) \/W)) , (5.52)

near the Stokes line 6 = Z. This explains the appearance of each suppressed expo-
nential, or each distinct instanton contribution, in a separate but universal and
smooth manner. In this way, one may readily obtain formal expressions for the
Stokes smoothing, also yielding formal expressions for the free energies of these
models which allow, for instance, one to cross the Stokes lines and reach any non-
perturbative point in the complex N-plane.

T I=senlm) (5 50)
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6 Semiclassical Interpretation of Instantons

At this stage we have a very good understanding of nonperturbative phenomena in
¢ = 1 matrix models and topological strings, with all the information we have gath-
ered both from Borel and Stokes analysis. However, and because at the end of the
day we are analyzing large N matrix models in a saddle-point approximation, we
would like to understand these nonperturbative instanton corrections directly from
a semiclassical large N point of view, i.e., directly in the matrix model language.
This is what we shall do in this section, as we provide a semiclassical interpreta-
tion of instantons in terms of eigenvalue tunneling, across a multi-sheeted effective
potential, and we also suggest a spacetime interpretation for the nonperturbative
effects we have just obtained in the preceding sections.

6.1 Instantons as Figenvalue Tunneling

We shall begin by recalling how instanton effects, which control the large-order
behavior of the 1/N expansion, are interpreted as an eigenvalue tunneling effect,
within the matrix model context. Recalling our discussion on matrix models, in
diagonal gauge the one-matrix model partition functions is

NV/H<27T> 2)ew VA, (6.1)

As it stands this definition cannot be complete, as the integration contours for
each eigenvalue A; still need to be specified. It may happen that the above integral
is not well-defined as a convergent, real integral, in which case the model needs to
be properly defined by analytic continuation, i.e., by the choice of an appropriate
contour in the complex plane such that the integral becomes convergent. Indeed, in
general, the various phases of matrix models are separated by singular domains (in
the space of complex potentials), where no large N limit exists (253} 88)). Removal
of the “divergent regions” where ReV (z) — —oo as |z| — oo corresponds to holes
in the complex plane, in which case one is led to decompose a generic integration
path ¥ on a homological basis of paths {y;,...,%} asFE]

Y= Z 72 (6.2)
k=1

where we shall place N; eigenvalues on the path ¥;, with arbitrary distribution {N;}
but such that }'}_| N; = N. As we shall make clear in the following, the coefficients
{r may be regarded as theta-parameters leading to different theta-vacua (3). We
may then define, with the appropriate symmetrizations,

Z(Ny,...,Ny)

1 N dl,l ,s LyN y(, )
:N1!~--Nx!/71 /y”] Adye s ©3

i1=1

20 For a polynomial potential of degree d there will be d holes in the complex plane, in which
case the dimension of the homological basis will be s =d — 1.
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For particular choices of the integration contours and particular choices of the
filling fractions & = %, with i = 1,...,s, the free energy logZ(Ny,...,N;) may
have a perturbative large N expansioﬂ

~+oo
10gZ(Ny,...,Ny) = F(Ny,....Ny) = Y N* 2 Fy(1), (6.4)
g=0

where one finds the usual large-order behavior of F, ~ (2¢g)! rendering the topo-
logical 1/N expansion asymptotic. Nonperturbative effects associated to singu-
larities in the complex Borel plane are interpreted as instanton configurations as
follows. N

Regarding Z(Ny,...,N;) as the partition function associated to a specific topo-
logical sector, characterized by the filling fraction &y, .. ., &, it becomes natural to
consider the general partition function where one sums over all possible ways of
distributing the N eigenvalues

LG )= Y GGV Z(N,. N, (6.5)

Z?:l Ni:N

and where it is now clear that the {; play the role of theta-parameters. This expres-
sion has been proposed by Marino (14), Eynard and Marino (19)), and Eynard (85)
to provide a nonperturbative partition function for the matrix model. That (6.5)
realizes such a nonperturbative completion of the theory is made clear by under-
standing how it encodes all possible multi-instanton corrections. It was pointed out
in (15)) that if one is to consider the partition functions associated to two distinct
topological sectors, with distinct fillings, {N;} and {N!}, one finds (15)

/Z\N/,...,N/ _lys o YA YAil)
Mwe 8s IZI(NI Nz) 8t,-’ ti:gsNi, (66)

=

Z(Ni,...,Ny)

implying that once one selects a reference background, {N;} say, all other sec-
tors are different instanton sectors of the matrix model. Let us consider the one-
cut cubic matrix model in the following, in order to be a bit more concrete. The
cubic potential V(z) = %zz + §z3 has two critical points; the maximum located
at z = z, and the metastable minimum z = 0, as illustrated in Fig. There are
two steepest—descent paths naturally associated to these critical points, J through
z=0 and ¥, through z = z,.. While the lowest energy configuration is associated
to having all eigenvalues integrated along %, this is an unstable configuration due
to tunneling mediated by instanton configurations, which correspond to the inte-
gration of eigenvalues along 7y; (13). In particular, the partition function in the
one-instanton sector is given by Marino et al. (13)

m_ 1 o 00 —dv(x
Zy —EZN—1/X€YIdx<det(xl—M') Ivo € & ), (6.7)

21 While in general there is no topological large N expansion, there are of course some cases

where this may be achieved: for instance in the case of degree d polynomial potential one may
choose as homological basis the d — 1 steepest—descents paths which go through each of the
d — 1 critical points of the potential (2t 3).
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Fig. 13 The real part of the holomorphic effective potential for the one-cut cubic matrix model,
in blue, and the simple cubic potential, in purple, for the values g = 0.1 and ¢ = 3 (color figure
online)

Let us explain this expression. We removed one out of the N eigenvalues in the
cut, x, and we are integrating it over the non-trivial saddle-point, 7;. The remaining
N — 1 eigenvalues are, of course, still integrated over the leading saddle, associ-

ated to Y, and ZI(\? ) is the zero-instanton partition function evaluated around this
standard saddle-point. Finally, M" is an (N — 1) x (N — 1) hermitian matrix, all
of its eigenvalues still integrated around the standard saddle-point in the zero-
instanton correlation function. We refer the reader to (13) for the details on the
explicit computation of the quantity above. As it turns out this expression implies
that, at leading order, the one-instanton contribution to the free energy is given by

zy _ 17,

FO = 2N — / dx (det(x1—M')? O w0 ie i,
Z}(\?) T Z](\?> en < >N—l
(6.8)
where the instanton action is (13))
X0
A= Yher(io) = Voer(5) = [ dzy(), 6.9)

with b the endpoint of the single cut 4" = [a, b]. This formula has an obvious semi-
classical interpretation, as the instanton action (6.9) is nothing but the height of
the potential barrier under which instantons are tunneling. Furthermore, a config-
uration where N; eigenvalues are integrated along the contour 1, and No =N — N,
along 7%, can be naturally regarded either as a two-cut solution with filling frac-
tions Ny and Ny, or as a Nj-instanton excitation above the reference one-cut solu-
tion (15). It has thus become clear that the general partition function (6.3]) provides
the nonperturbative completion of the matrix model since, by summing over all the
filling fractions, it naturally encompasses all the multi-instanton configurations of
the theory.

What we shall see in the following is that, for our class of ¢ = 1 matrix models
and topological strings, one also has to allow for generalized integration contours
which contain copies of the leading saddle-point and which find themselves going
through different sheets of the multi-valued holomorphic effective potential.

6.2 Instantons and the Multi-Sheeted Effective Potential

Let us now turn to the ¢ = 1 matrix models we are considering in this work. A
quick glance at the real part of the holomorphic effective potentials for the three
models, plotted in Figure[I4] is enough to realize that there are no critical points of
these potentials outside their single cuts. While this may not seem surprising for
real and positive g, as the asymptotic expansions are Borel summable and there
are no nonperturbative ambiguities in the reconstruction of the partition functions,
we also know that when allowing for imaginary values of the string coupling our
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Fig. 14 The real part of holomorphic effective potentials for Gaussian, Penner and Chern—
Simons matrix models, from left to right, respectively, when t = 0.2

topological expansions become non-Borel summable, with instantons controlling
large order. As such, and given that the discussion in the previous section cannot
be applied, at least not in a straightforward fashion, in what follows we shall have
to define the instanton actions for our models by exploiting the structure of the
holomorphic effective potentials in the complex plane.

Let us have a closer look at the holomorphic effective potentials for Gaussian,
(3.23)), Penner, (3.38), and Chern—Simons, (3.52)), matrix models. Due to the pres-
ence of either logarithmic or dilogarithmic functions these holomorphic effective
potentials have a multi-sheeted branch structure in all examples, a clear feature
from the structure of their Stokes lines (recall Figures 3] [5]and[7). As one takes the
derivative of the effective potential, in order to obtain the spectral curve, all loga-
rithmic or dilogarithmic sheets artificially collapse on top of each other. As such,
the spectral curve cannot explicitly see this structure. One way to lift this artifi-
cial degeneracy and make the multi-sheeted structure of the effective potentials
manifest, is to repeat what we did in Sect.[5.1} in the context of hyperasymptotic
analysis.

Let us start with the Gaussian model. Akin to what we did for the “Gamma
partition-function” it is useful to first change variables from z to

et =z+V72—4, (6.10)

in which case the Gaussian holomorphic effective potential gets written as

1
Viige(u) = gez“ — 20272 —2ru+2rlog2v/r. (6.11)

In this new variable the critical points (or saddles) of the potential are located a

e — At = ugf) = log(£2v/t) +inn, neZz, (6.12)

which is just the solution of a,b = ¢". The interesting property of the u vari-
able is that it lifts the aforementioned artificial degeneracy where all sheets have
collapsed on top of each other, and insures that one identifies all possible criti-
cal points of the holomorphic effective potential in its fully unfolded multi-sheet
domain. One furthermore selects n = 0 for the reference saddle and identifies all
saddles m # 0 as adjacent saddles to n = 0.

In this new variable the multi-sheeted structure of the holomorphic effective
potential is much simpler to visualize: one finds an infinite number of copies of
the original single cut (with each distinct degenerate sheet parametrized by n),
with endpoints u(,") and ug:’), and where Vlf’eff(u) is constant on each replica of
the cut. This, of course, has dramatic implic’ations: as we proceed to evaluate the
instanton action via A = Vi.efr(x0) — Vheetr(P) the sheets are no longer degenerate
and we shall find non-zero values every time we place an eigenvalue in another
sheet. The placing of the eigenvalue is simple and totally analogous to the previous

22 We use the standard definition of the logarithm, logz = log|z| +iarg z, and make explicit its
multi-sheeted structure by defining argz up to 27, i.e., argz|, = argz+ 2win with n € Z.
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discussion of eigenvalue tunneling: one removes the single eigenvalue from the
endpoint of the cut and places it at the starting point of the “next” cut, in the
following sheet (in such a way that the spectral curve cannot “see” any difference
in the configuration, only the holomorphic effective potential can), an idea first
suggested in (26). We conclude that the multi-instanton action (the singulant, in
the hyperasymptotic language we used earlier, e.g., in section[5.1) is given by the
difference between the holomorphic effective potential evaluated on the principal
sheet (corresponding to the choice n = 0 and denoted with a % in the following)
and its value on a generic sheet,

1
AS = V8ol = ViS(u?) = —2mint = 5 P do(a). (6.13)
V2

In the last equality we compute the instanton action as the integral of y(z)dz
along 7,, a non-contractible contour encircling the eigenvalue cut n time@ Anal-
ogously, the instanton action may be regarded as half the shift due to the additive
monodromy of the logarithm present in Vh(:’eff(x) (recall equation l| ). The action

(6.13) we have just obtained from a semiclassical viewpoint coincides with the
one previously obtained with either Borel or Stokes analysis. It is also important
to notice that the definition we are now suggesting for the instanton action is in
perfect analogy with the one that we have previously described when addressing
the semiclassical derivation of the Schwinger pair-production effect, in Sect.[2.2]
With an appropriate identification of the parameters, one may identify the semi-
classical Schwinger effective action with the matrix model effective poten-
tial (3.23). As such, in here one may still interpret the instantons as an eigenvalue
tunneling process, with the sub-barrier motion consisting of multiple windings in
the complex plane around the eigenvalue cut, as in the discussion of Sect.[2.2]

As we move to the Penner model the holomorphic effective potential becomes
more intricate, as displayed in (3.38)), and we shall focus on obtaining the instanton
action straight out of the monodromy shift of around the cut € = [a,b].
There are now contributions from more than one logarithmic branch cut and one
needs to properly consider them all. In this case, there are two possible ways
to choose the contour: one may encircle the eigenvalue cut without crossing the
logz cut in @, in which case one is forced to cross the other two logarithmic
branch cuts; or one may encircle the eigenvalue cut crossing the logz cut. In the
first option, clockwise winding n times around the cut € = [a,b] one will cross
two logarithmic branch cuts and obtain the global shift — (27 + 1)2xwin — 27win =

23 Here, 7 is the contour used to define the filling fraction in matrix models, i.e., the A-cycle.
The factor of % insures that the action describes moving an eigenvalue from the endpoint of
the cut to the beginning of the “next” cut in the multi-sheeted structure, i.e., that we keep the
standard eigenvalue tunneling picture.
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—4min (t+ 1)[231 This immediately yield the multi-instanton action

1
AP = omit+1)n= > dzy(z), (6.14)
« 'yn

a result which agrees with the one we have previously obtained via Borel and
Stokes analysis. If, instead, one chooses the second option, which involves cross-
ing the logz cut, this will naturally yield an additional contribution of 27im (a
result we expected to find from Borel or Stokes analysis in any case), but it is not
entirely clear to us how this relates to a cycle of the curve.

Finally, we need to confirm the validity of our proposal within the Chern—
Simons matrix model. In this case, the holomorphic effective potential is
rather complex, involving both logarithmic and dilogarithmic branch cuts. As
such, we shall restrain to computing the instanton action from the monodromy
around the cut € = [a, b]. If the cut € = [a, b] is placed on the positive real axis, we
may choose our contour ¥, such that Re (z) > 0 when contouring the cut, in which
case one also finds Re (§) > 0 and both logz and log € will have no monodromy.
We will then be left with the contributions of log (1 — &) and log (1 —e*&). Since
both ¢*& and & will be bigger than one on the right hand side of the cut, on the
real axis, then both these logarithms will produce the same shift of 27i, at each
winding. Turning to the dilogarithmic dependence, we find a more complicated
monodromy structure and we refer the reader to, e.g., (89;90) for a more in depth
analysis, or to “Appendix A” for a brief review of this topic. The dilogarithm Li,(z)
has a branch cut starting at z = 1, and we choose it to be on the positive real axis.
However, as one moves from the principal sheet to a generic sheet, by crossing
the principal branch cut, a new branch cut will emerge from z = 0 to the right. As
such, we shall need two distinct integers in order to specify the value of Liz(z) on
a generic sheet, in terms of its value on the principal sheet, Li3(z). This turns out
to be (89;190)

Lis(z) = Li3(z) + 2minlog(z) — 4n’kn, neN,, keZ. (6.15)

In here, the integer n counts how many times we wound clockwise in the complex
plane, by crossing the principal branch cut, while the integer k counts how many
times we crossed the “hidden” branch cut. Putting it all together, it follows

Viettles = Vitett|og +4minlog (e7'E) — 8nnky — 4minlog& + 87 nk,
= Viett| o — 47itn — 877n (ky — k2) . (6.16)

Setting k = k| — kp, with k| and k, being the two, a priori different, windings
around the “hidden” branch cut of the two dilogarithms in (3.52)), one may write

dzy(z) = —4mitn — 8m’nk (6.17)
Yok

24 The reader may be puzzled by the fact the integral of the curve around the cut, i.e., the A-
cycle ¢, dzy(z), yields 2(r + 1) instead of 27 (as one would have expected from the normalization
of the genus-zero resolvent at infinity, wy(z) ~ % + -+ as z— o). The reason for this is that, when
deforming the contour back from infinity to the cut &, we still have to pick the residues at z = 0.
This unusual feature is, of course, due to the fact that we are not dealing with a polynomial
potential.
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where ¥, x is a contour winding around the cut ¢ until it reaches the (n,k) sheet.
Again, on each (n,k) sheet we find a copy of €, with the effective potential being
constant on each replica of the cut. The instanton action is thus given by

1 n
ASS = —2mitn — Annk = 3 dzy(z). (6.18)
Yok

Once again the instanton action we have obtained with our proposed semiclassical
reasoning precisely matches the one we previously obtained from Borel or Stokes
analysis.

It is interesting to note that in all cases above the instanton action is essentially
given by the integral of the spectral curve along the A-cycle of the single cut,
while in the cases considered in (13 [15)) the instanton action was given by the
integral of the spectral curve along the B-cycle of the cut(s). This complete our
matrix model derivation of the instanton action. In the following we focus on the
spacetime interpretation of the nonperturbative effects we have discussed do far.

6.3 Spacetime D-Instanton Interpretation

Nonperturbative effects in hermitian matrix models have been realized in terms of
D-brane instanton effects in the holographically dual minimal models with ¢ < 1.
In particular, in (6) matrix model instantons, as described by eigenvalue tunnel-
ing, have been shown to match the disk contribution of ZZ branes. An analogous
situation takes place in the case of ¢ = 1 where the Z(Z,fl) disk contribution l|

coincides with the instanton action obtained from the MQM nonperturbative inte-
gral formula (43} 255 169). In this case, the singularities of the curve leading to the
77 brane disk amplitude are not pinched cycles, but instead are points where the
curve has self-intersections, as described in (69)).

As usual, let us first analyze the Gaussian matrix model, or, equivalently, the
¢ = 1 string at self-dual radius. We have already observed that the MQM spec-
tral curve is just an infinite covering of the hyperboloid defining the Gaussian
spectral curve and identified correlators in the Gaussian matrix model with open
amplitudes with FZZT boundary conditions. The natural next step is to identify
the instanton action (6.13) with the ZZ brane partition function in the dual ¢ = 1
theory. Moreover, considering the relation (3.65) between FZZT and ZZ bound-
ary states, one may write the instanton action as the difference between two FZZT
branes located at the branch point u* , on the principal sheet, and its replica u(f),
on the n sheet,

Ac=1 (_ AS) _ ZFZZT(M(")) _ZFZZT ()
n - igs - + +

gz L dzy(z) = 2mnp. (6.19)

B 2lg? T
A very similar story goes through for the Penner model, thus completing the iden-

tification of the (double-scaled) Gaussian and Penner matrix model nonperturba-
tive effects as ZZ brane D-instantons, in the dual ¢ = 1 string theory.
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Let us now turn to the case of the Chern—Simons matrix model where, much
as in the local curve backgrounds studied in (10), the instanton action may be
interpreted, in the dual large N description on the resolved conifold, in terms of
toric branes. In this case, the disk amplitude with (mirror of) toric-brane boundary
conditions may be written, in terms of the mirror curveE] as (615162

AO () = /'x dsy(s). (6.20)

It thus follows that one may write the instanton action as the difference of two
disk amplitudes; simply set

ACS . .
i n,k U (0), % L (0 n,k
AR (— : >> = AP - A )

i8s
"L any@) = vamik), (621
= — =z ZY\R) = — k), .
285 Y ke 8s

where the toric branes have been place at the endpoint «_ and at its copy, ugf’k), on

the sheet labelled by n and k (recall our previous discussion). The instanton action
is in this way given by the tension of the domain wall interpolating in between the
two branes (see as well (13))).

At this point, two comments are in order. First, when we discussed the ¢ = 1
double-scaling limit we also checked that the spectral curve—alongside with all
the open correlators—of the Chern—Simons model collapse, at the conifold point,
to their corresponding ¢ = 1 values. In particular, this implies that in this limit also
the instanton action reduces to the ¢ = 1 one which indicates, as also observed in
10), that in the double-scaling limit nonperturbative effects due to toric branes
reduce to the ones due to Liouville branes in minimal models. The second obser-
vation we want to make is that the instanton effects leading to the above action
(6.21)) involve vector multiplet moduli. This can be realized by simply noting that
the instanton action (6.21]) is given by the integral of the one-form ydz on the con-
tour 7, which are, respectively, reductions of the complex structure three-form Q
and of the three-cycle I" for a local CY,

A — /F Q r=c, —c", (6.22)

where the two-cycles C and CE:"M are given by line-bundles, with base points u”

and uin’k) on the spectral curve. The instanton action may in this way be identified

with the tension of the domain wall interpolating in-between the two branes (see
as well (13)).

So far we provided a spacetime interpretation of nonperturbative effects in
¢ = 1 matrix models and topological strings in terms of Liouville and toric branes.
However, there is a further, obvious, spacetime interpretation of the instanton
expansion as due to BPS particle production, via the Schwinger effect that we

25 For backgrounds with a matrix model dual, this mirror curve precisely coincides with the
spectral curve.
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have discussed earlier in this paper. Furthermore, it is possible to relate these par-
ticle production effects to spacetime D-brane instantons via a compactification to
three dimensions, followed by a T-duality (91). Recently, in (92), this connec-
tion has been exploited in order to study the continuity, across walls of marginal
stability, of nonperturbative effects in type II compactifications.

7 Trans-Series and the Toda Equation

Another approach to the calculation of instanton corrections to the free energy of
matrix models and topological strings, and first developed away from criticality
in (14), deals with trans-series solutions in the orthogonal polynomial framework,
rather than the spectral geometry as in the preceding section. In this section we
wish to learn what this approach has to say on what considers Gaussian, Penner
and Chern—Simons matrix models; in particular, we wish to confirm our instanton
results in yet a novel setting. Let us begin by briefly reviewing the ideas behind
the trans-series approach, and then apply it within our interests.

Let us first recall that in the orthogonal polynomial formalism one may com-
pute the partition function via (3.11) once one knows the recursion coefficients
{r,}. Making use of the deﬁniti it is not too hard to obtain

ZNL?’H = ry. (7.1

Zy
In the continuum N — oo limit the coefficients r, become a function r,, — R(x, g)
of the variable x = 7§ € [0,7], where the function R(x,g) can be determined by
solving the so-called pre-string equation, a finite difference equation obtained
from the continuum limit of the recursion for the coefficients {r,} (18). Analo-
gously, the continuum limit of equation produces the following Toda-like
equation for the free energy, Fy = logZy — F(t,g;),

exp (F(t"f'gsvgs) _2F(t’gs) +F(t _nggs)) :R(tags)- (7.2)

Given a solution to the recursion coefficients R(x,g;), this equation then deter-
mines the free energy of our model as a solution to the Toda hierarchy.

Let us now consider trans-series solutions (in the sense of exponential asymp-
totics) to the equations aboveFE] For that, consider the trans-series ansdtz for the
recursion coefficients

+oo

R(x7gs) = ZCZR(Z)(xags)a (7.3)
=0

with the zero-instanton contribution given by

(x,85) Zg R2n (7.4)

26 Notice that these trans-series solutions will only be valid in a specific region of the complex
plane; as we change sectors and cross a Stokes line the asymptotics will change. This change
will be given by a shift in the nonperturbative ambiguity parameter, C, as C — C + S with S the
Stokes multiplier.
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and the /-instanton contributions given by

© i)
1+ Y &R (x) ), €>1. (7.5)
n=1

Plugging this ansdtz into the pre-string equations one may, in principle, determine

(A(x)

¢ _
RO (x,8) =R (x)e

recursively both the instanton action A and all the loop terms R (x). Once this is
done, one finally plugs the trans-series solution for R(¢,g;) on the right-hand side
of equation (7.2)) and solves it with a trans-series ansdtz for the free energy

F(1,8s) Zcf FO(1,g,), (7.6)
/=0

where

)(t,g5) Zgzg 2p(0) (7.7)
and
) 0 LA(1) Foo n(0)
FO(t,85) =F (t)e & 1+285Fn+1(t) , (>1 (7.8)
n=1

Again, at least in principle, all the coefficients Fn([) (#) may be determined recur-
sively.

In (14)), this formalism has been applied and checked against a large-order
analysis in several matrix models. Remarkably, this method appears to work beyond
the context of matrix models: for instance, in (14)), the full instanton series has
been obtained for the case of Hurwitz theory, which is also controlled by a Toda-
like equation.

7.1 The Trans-Series Approach for ¢ = 1 Matrix Models

Let us now try to apply the trans-series method to solve our ¢ = 1 models. As we
have just learned, the first thing to do is to look for a trans-series solution to the
pre-string equation. But it so happens that it is a common feature of all our ¢ = 1
models that the recursion relations for the coefficients {r, } may be solved exactly,
without a genus expansion. In particular, for Gaussian, Penner and Chern—Simons
models we find

rg=gn — RO(xg)=x, (7.9)
P =gn(l4+gmn) — RP(x,g)=x(1+x), (7.10)
S =" (¢"—1) with g=e% — RS(x,g)=e¥(—1). (71.11)

n

Since we have exact solutions for the functions R(x,gs) = R(x), without a genus
expansion, there is clearly no asymptotics and thus no trans-series expansion for
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R(x). Thus, for all three cases that we are considering, we only have to worry
about the trans-series ansditz and plug into the homogeneous Toda equation

F(t+gs)—2F(t)+F(t—gs)=0. (7.12)

This is a rather interesting point, also implying that all Borel poles are controlled
by the Toda equation (and not by the pre-string equations). In hindsight this is not
so surprising, as at criticality all our examples are in the universality class of the
¢ = 1 string, and it is precisely the case that the partition function of ¢ = 1 string
theory is a 7-function of the Toda hierarchy, satisfying the Toda equation (93). In
some sense, the above Toda equation plays a role very analogous to the one played
by the Painlevé I equation in ¢ = O string theory, and which was also studied in
connection to the large-order behavior of topological strings in (13;15)).

Let us start with the one-instanton sector. By plugging into the homogeneous
Toda equation the £ = 1 term in , at first order in gz one obtains

() !
4F V()5 sinh? (A z(t )) ~0, (7.13)

and setting Fl(l) (t) # 0 it follows

A Al
sinh( 2(t)> -0 & T(t) —ink, keZ. (7.14)

It is quite remarkable that the solution to the above equation already includes all
k-instanton actions

Ac(t) = 2mitk+ a(k), (7.15)

where we have also allowed the integration constant to depend on k. Making fur-
ther use of the trans-series ansdtz we may compute

_ A >
FO(tg,,8) =F(1)e <1+ Zlg?ﬁﬁlU), (7.16)
where, for example,
aF(k)
78 = B0+ 50 (7.17)
1
(k) 5 (k) 21 (k)
F,"/o,F OFF,
7 = FO0+ 2 a0+ T 0. @
Fl Fl

We now insert these expressions into the Toda equation, and solve it perturbatively
in gs. At second order in the string coupling it follows,

RFH =0 = FYt)=d k) + (k). (7.19)
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In fact, solving the infinite chain of differential equations one perturbatively obtains,
in a recursive fashion, one is always led to second order differential equations. All
the higher order terms are then fixed to be

n+1
(pl( " )(k) _’_@(nﬂ)

F¥ )= k), a> L (7.20)

- k
(k) (1)
The k-instanton contribution in is thus given by

_ 2mitk+a(k)

FO(1,85) = (@1 (k) + Pa(k) 1) e o

= q><n+1)(k) (n1)
- (anlgs <_ ¢2(k)(<1>11 (k) + Do (k) 1) + @, (k)>>.
(7.21)

It is now simple to see that the instanton series of our three models, that we
have computed either via Borel or Stokes analysis, (4.6), (4.16)) and (.23), are all
solutions to the homogeneous Toda equation{’| This confirms, within the trans-
series setting, the validity of our results. However, it is not equally clear how to
flow in the other direction, i.e., how to obtain our results, (4.6), @.16) and {.23),
starting from the trans-series formalism. In particular, it is not obvious to us how
to provide enough boundary conditions in order to fix, for each distinct case, the
integration constants of the general solution (7.21). A natural boundary condition
is to impose matching to the ¢ = 1 solution, in the double-scaling limit (94). But
this cannot be quite enough off-criticality: in fact all our distinct examples are
satisfying the same difference equation with the same aforementioned boundary
condition. Thus, one is forced to demand, as a final boundary condition and in
order to obtain a unique solution in each case, a comparison with the large-order
behavior of perturbation theory, in each distinct model we wish to study. So, at
least for these models, Borel or saddle-point methods seem more powerful and
efficient ways to proceed.

7.2 A Comment on Parametric Resurgence

In many cases it is not possible to resum the Borel transform of an asymptotic
series, or even to explicitly compute this Borel transform, and thus one cannot
locate the singularities in the Borel complex plane (some of which, in particular,
control the large-order behavior of the perturbation theory). However, it may be
the case that, even if we are not able to resum the Borel transform, we may know
that the asymptotic series arises as a solution to a finite difference equation (where
we are, of course, interested in the example of the Toda equation). In this case we
may still obtain some interesting information, as shown in (95). Let us quickly
apply (95) to our problem.

27 Because the Toda equation is linear, linear combinations of (7.21)) are also a solution to the
problem, in particular linear combinations where o also depends on an integer m and we sum
over m € Z as in the conifold.
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Consider the asymptotic series

~+oco
F(t.8)~ Y &"Fa(0), (7.22)
n=0
which we take as a perturbative solution to the finite difference equation
s 0
F(t+g,)—2F(t)+F(t—g)=g>G(t) < 4sinh? <gzat> F(1)=g2G(t).

(7.23)

Then, it is possible to formally solve this differential equation (95)), with the formal
solution being expressed in terms of the power-series coefficients of the function

2 oo
Hx)=—-1+—"+ =Y H,x". 7.24
) 4sinh? (%) ,;0 " 729

Furthermore, the poles of the Borel transform %[F](£) may be related to the poles
of the Borel transform of H(x). In particular (95)) this implies that in this case the
Borel poles are located at 2xint, with n € Z. It is indeed the case that the instanton
actions for the three matrix models we have studied in this paper are of this kind.

8 Conclusions and Outlook

In this paper we have addressed the nonperturbative structure of topological strings
and ¢ = 1 matrix models, focusing on Gaussian, Penner and Chern—Simons matrix
models together with their holographic duals, ¢ = 1 minimal strings and topologi-
cal strings on the resolved conifold. Making use of either Borel or Stokes analysis,
we have uncovered the nature of instanton effects in these models, and have fur-
ther explored the relation of these nonperturbative phenomena to the large-order
behavior of the 1/N expansion. While this builds up on previous work along the
same direction (13}14;[155(19), clarifying the discussion for a big class of models,
we believe there is still much work to be done. In particular, let us end by listing
several issues raised in this paper which we believe deserve further and immediate
investigation (in no particular order):

While our results were checked in the trans-series formalism, we have seen that
it is not obvious how to obtain these results for the multi-instanton series starting
straight from within the trans-series set up. In particular, the choice of boundary
conditions is not completely clear. It would be interesting to further explore and
better understand the trans-series ansdtz in this context, possibly solving the ques-
tions we have just mentioned.

In the Gaussian and Penner models, we have explicitly shown that instanton effects
may be understood as Stokes phenomena for the logarithm of the G»(z) Barnes
function. However, we could not say much along these lines for the Chern—Simons
model, as we do not know of any appropriate hyperasymptotic framework for the
quantum Barnes function, G,(z). It would be very interesting to study the hyper-
asymptotics of G,(z) and show that Stokes phenomena in this case is also related
to the instanton effects of the Chern—Simons model.
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In our matrix model derivation of the instanton effects, in terms of eigenvalue
tunneling, we have obtained the instanton action expressed in terms of the spectral
curve (a cycle of the ydz one-form). It would be rather interesting to extend this cal-
culation in order to contemplate loop corrections. Indeed, in (13;[15)), higher loop
terms around the multi-instanton configurations were computed, in terms of matrix
model open correlators. Extending that calculation to the present set up would be
very interesting, since these correlators can be computed entirely in terms of the
spectral curve and, as such, this formalism could be extended to other topological
string scenarios where a dual matrix model description is not available. In partic-
ular, this could allow for a direct understanding—from a spectral geometry point
of view—of why the loop expansion around an one/multi-instanton configuration
truncates in all our examples. Furthermore, this would also provide an explanation
of the instanton expansion in terms of open string amplitudes with either Liou-
ville or toric boundary conditions, for the ¢ = 1 string and the resolved conifold,
respectively.

Much of our Borel analysis was very much related to the existence of a GV integral
representation for the free energies of our models. Since also on a generic CY
background the topological string free energy admits a GV integral representation,
one is led to wonder if our approach may be applied to other, more general cases.
Recall that on a general CY threefold 27, the topological string free energy is
given in terms of GV integer invariants by the expansion

+oo oo o0 — s )
Fre)=Y ¥ n2) Y /(: %(25in%)2 2 o i) 8.1)

r=0d;=1 meZ

When r = 0 the zeros of the sine will be poles of the integrand and this contribution
to the total sum will, as in the case of the resolved conifold which we address in
the paper, yield a nonperturbative contribution to the free energy. However, for
generic CY backgrounds, one will also have to consider the summation over the
Kihler classes {d;}, as weighted by nédi )
the pole at zero)

. In this way, one is led to write (we neglect

T VPR
DiscFy (g;) = — Yo ()Y )

2785 4= n=1meZ.

2 1 o 7)2n .
X ((271:) (d-t 4 im) + &> o TR @rkim), (8.2)

n n?

Higher terms with r > 0 in (8.1) have no poles in the complex plane and will only
contribute to the nonperturbative corrections through the residues at infinity (recall
(2.8) and our discussion in the appendix). What role they might play is beyond the
scope of our analysis.

It seems likely that nonperturbative corrections obtained from the GV representa-
tion actually provide the full nonperturbative corrections to the topological string

free energy, in those cases where the number of GV invariants n&d")(% ) is finite
(as in our example of the resolved conifold). Indeed, in these cases (8.2) may pro-
vide the complete tower of nonperturbative corrections to the topological string
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free energy, as (8.1) is basically given by a finite sum, not a power series expan-

sion. In particular, the number of n(()d’) invariants is finite for non-singular curves
of any genus (96)), for rational curves with nodal singularities (97), and for the
configurations studied in (98) (among which are the CY threefolds which are Aj-
type ALE spaces, times C). Further notice that in the loop expansion around
multi-instanton configurations truncates. In this case, and if indeed (8.2) turns out
to be the full answer for backgrounds with a finite number of GV invariants, then it
must also be the case that these backgrounds will display no non-trivial large-order
behavior in their multi-instanton sectors. Finally, observe that the Ag-type ALE
backgrounds have also been studied in the context of the OSV conjecture (21), in
(99). The OSV conjecture (21)) relates the topological string partition function to
the partition function of a configuration of branes in type II string theory, giving
rise to a 4D BPS black hole. The brane partition function was further suggested
to provide a nonperturbative completion of topological string theory. For A;-type
ALE spaces, times C, it would thus be interesting to compare OSV and Schwinger
completions.

When the number of GV invariants nﬁdi )(3&” ) is infinite, it seems very unlikely
that the GV integral representation can still provide the full set of nonperturba-
tive corrections to the topological string free energy. Indeed, it is now the case

that n(()d) ~ &%, for large d, and it seems to be the case that cannot provide
the complete nonperturbative information. A particularly interesting example to
further explore this issue is that of the local curve, which indeed has an infinite
number of GV invariants. The good news is that this background has been exten-
sively studied in (13)), with instanton configurations identified and checked against
the large-order behavior. As such, it would be extremely interesting to analyze the
relation between the nonperturbative corrections arising due to the GV representa-
tion, with the ones derived in (13)). In particular, the analysis of (13;[15)) seems to
indicate that, for the local curve, the loop expansion around multi-instanton con-
figurations will not truncate, which is to say that cannot be the full correct
answer. On the other hand, and as we have already remarked, the local curve is
in the universality class of 2D gravity, with ¢ = 0, and as such it should better
be understood as a first step to understand backgrounds with an infinite number
of GV invariants. A second natural step in this direction would be looking at the
case of local P2, a ¢ = 1 toric geometry with an infinite number of GV invariants.
Indeed, the free energy of this model can be computed very efficiently to all genus,
by means of direct integration of the holomorphic anomaly equations as shown in
(100), and would thus provide for a natural testing ground for our aforementioned
questions.

Besides an explicit check against the large-order behavior of the theory, another
way to test the Schwinger completion of topological string theory, for generic
backgrounds, would be to study the modular properties of its nonperturbative free
energy. In fact, it is expected that modular invariance may be recovered at the non-
perturbative level (19), an important issue also in the context of large N dualities.
Clearly, for the case of the resolved conifold, which we studied in this paper, there
are no constraints arising from modularity since the moduli space is trivial, with the
mirror geometry having genus zero, but this will not be the case for, e.g., local P2,
whose mirror geometry has a spectral curve of genus one. Notice that backgrounds
with a finite number of GV invariants seem not to give rise to mirror geometries
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with spectral curves of genus one and, as such, modularity should become an issue
precisely when (8.2)) ceases to be the full correct answer. In particular, modular-
ity may play a key role in order to understand exactly what type of information
is missing in general backgrounds, and these issues should be addressed in
future work.
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Appendix A. The Polylogarithm: Branch Points and
Monodromy

This appendix is devoted to the study of the polylogarithm, with emphasis towards
its branch points and monodromy. This function is defined by

+o _n

Liyz) = ¥ 2 (A.1)

=
n=1"

and on its principal sheet it has a branch point at z = 1 leading, by convention, to
a branch cut discontinuity in the complex z plane running from 1 to infinity. As
one starts “exploring” the multi-sheeted structure of the polylogarithm and moves
off its principal sheet, one finds that there exists another branch point, at z = 0.
In this case, the resulting monodromy group will be generated by two elements,
acting on the covering space of the bouquet S' VV S' of homotopy classes of loops
in C\{0, 1}, passing around the branch points z = 0 or z = 1. For further details,
we refer the reader to the very thorough explanations that can be found in, e.g.,
(89:190).

For our purposes in this paper, a simple analysis in terms of explicit topological
language will suffice. Let m represent the homotopy class of all loops based at
some point z in C, which wind once, clockwise around the branch point at z = 1.
The action of m; on the polylogarithm has the effect of carrying this function from
one sheet to the next. It was shown in (90) that one may write

m - Lig(z) = Lis(z) — Ay, (A.2)

where A; is a function, whose specific form is not important at the moment, but
which includes a logarithm with a branch point at z = 0. This implies that, after
acting once with m |, one finds oneself on a sheet which has a branch cut discon-
tinuity running from 0 to minus infinity. If we now let mg represent the homotopy
class of all loops based at some point z in C, which wind once, clockwise around
this new branch point at z = 0, its action on the logarithm is the familiar one:

mg -logz = logz+ 2mi. (A.3)

Now, because the principal sheet of the polylogarithm has no branch point at z =0,
it simply follows

my - Lig(z) = Lis(2). (A4)
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If one now winds with m in the opposite direction, one is led to write instead
m; - Lis(z) = Lig(z) — A_1, (A.5)

where again A_ is a function we shall leave unspecified; see (90) for details. If
is to be properly considered the group-theoretic inverse of m it better be the case
that m ~m1_1 =1= ml_1 -my, when acting on Lis(z). This immediately implies,
e.g., mf]Al = —A_1, where we recall that A; includes the standard logarithmic
branch cut discontinuity starting off at z = 0. This relation thus seems odd, as the
logarithm has no branch point at z = 1 and there should be nothing to wind around.
This is a subtle point, further explained in (90), and it should be stressed that it
is the joining of polylogarithmic and logarithmic cuts that causes this effect. One
way to capture the idea of there being no obstruction for the logarithm at z =1 is
(90) to define group elements gy = my - m Land go = my, such that g; -logz =1logz
and

go-Lis(z) = Lis(z), (A.6)
g1 -Lig(z) = Lig(z) — Ay. (A.7)

We shall explore this monodromy group for the dilogarithm in the following.

The free combinations of powers of the two generators go and g; form the
monodromy group of the polylogarithm. If s is a positive integer, this monodromy
group has a finite-dimensional representation with dimension s+ 1. A particularly
well-known case is the dilogarithm s = 2, also further discussed in (89). In this
case, the monodromy group is the discrete Heisenberg group (90). In particular,
one finds

A, = 27i (logz+2mi (n—1)). (A.8)

As such, repeated applications of gy and g will only result in linear combinations
of the dilogarithm Li,(z), the logarithm logz, and the identity operator. Indeed,
one could further take each of these three elements as a basis of a 3D vector space,
e =4n? e, = —2milogzand e3 = Lis(z), in which case the matrix representation
of the monodromy group would become

(A.9)

S = O
—_—— O
- O O

1 1 1
g1=10 and go= |0 1
0 0 0

These two matrices are in fact the generators of the discrete Heisenberg group
J4(7), see (90) for full details on this discussion.

In this paper, we are interested in the following action (see (90) for any missing
details)

g6+ &1 - Lia(2) = g6~ (Lia(z) —n4y)
= Lip(z) —nAy1 = Lia(z) — 2minlogz +4n’kn,
(A.10)

and we make use of this result in the main body of the paper.
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Appendix B. Dispersion Relation for Topological Strings

In this appendix we address the Cauchy dispersion relation for the case of
general topological string theories on a CY threefold 2°, whose free energy is
given in terms of GV integer invariants by the expansion (2.37), and which we
recall in here as

oo T 2r—2
Frg)=Y Y a2)Y - (mm%) g~ 2mnd (B.1)
r=0 d,':1 n=1

In particular, we wish to evaluate
dw Fy
§ i) (B.2)
() 2Ci W—g

and show that this vanishes in the case of the resolved conifold, a result we have
used in the main body of the paper. Notice that one cannot compute the pole
at infinity straight: infinity is an essential singularity of the integrand in the GV
representation and, as such, residue calculus does not apply. Nonetheless, for » =0
one may decompose the contour 6. into the sum of two contours in upper and
lower hemispheres, ¢’ and -, respectively,

dw 1 1
. 2T W—g (25in )’
dw e dw e inw
= o . B 2 + N s 29 (B3)
271 (w—g) (1—em)? S 271 (1w g) (1 —e=im)

and then use Jordan’s lemma—applicable as
. 1

lim max =0 B.4)

R— o0 66[0,71’] (Reie _g) (1 _ einReie>2

in the upper hemisphere, and analogously in the lower—in order to find that this
implies that the integral vanishes at infinity, and it thus follows that for the resolved
conifold, where only n(()l) =1 is non-zero, the (B.2]) contribution indeed vanishes.
For more complicated CY threefolds with r > 1, it seems rather likely that there
will be a Cauchy contribution at infinity, and a complete analysis of this situation

is beyond the scope of the present work.
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